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SUMMARY 


This  report  is  the  fourth  in  a series  describing  a study  which  is 
being  conducted  to  develop  information  on  the  durability  of  prestressed 
concrete  beams.  This  phase  of  the  series  is  concerned  with  field  and 
laboratory  testing,  and  observation  of  end  anchorages  and  end  anchorage 
protection  to  posttensioned  beams.  Providing  no  further  testing  is  to 
be  done  to  the  12  posttensioned  beams  that  remain  at  Treat  Island, 

Maine,  this  report  will  be  the  final  report  of  the  posttensioning 
investigation. 

Twenty  air-entrained,  posttensioned  beams  were  fabricated  in  the 
summer  of  i960  and  spring  of  1961.  Four  different  types  of  posttension- 
ing systems  were  cast  at  four  different  eccentricities  in  the  beams. 

The  beams  had  either  external  or  flush  type  end  anchorages  and  were  pro- 
tected by  either  end  caps  or  end  plugs.  There  were  four  methods  of 
bonding  the  protective  caps  and  plugs  to  the  beams:  bush-hammering, 

epoxy  adhesive,  retarding  agent,  and  no  protection.  The  end  protections 
were  made  from  three  different  mixtures:  Portland  cement  concrete, 

epoxy  concrete,  and  sand-cement  mortar. 

The  beams  were  installed  at  the  Treat  Island  exposure  station  in 
June  1961  where  they  underwent  field  exposure  of  twice  daily  tidal 
I inundations  and  an  average  of  131  cycles  of  freezing  and  thawing  each 

J winter  for  12  to  13  years.  Annual  inspection  tours  were  made  to  Treat 

' Island  for  testing  and  inspection  of  the  beams.  During  these  inspection 

* 

J tours , the  beams  were  rated  by  a panel  of  observers  to  determine  the 

J condition  of  the  end  anchorage  protections. 

I After  five  years  of  exposure,  an  interim  report  was  published, 

"Durability  and  Behavior  of  Prestressed  Concrete  Beams,  Report  2, 
Posttensioned  Concrete  Investigation  Progress  to  July  1966."  At  the 
conclusion  of  12  years  of  exposure,  five  beams  were  returned  to  the 
U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES),  Vicksburg, 
Mississippi,  for  autopsy  and  testing.  The  testing  included:  (a)  struc- 

tural testing,  visual  evaluation  of  the  condition,  and  dissection  of 
the  concrete  beams;  (b)  visual  evaluation  of  the  end  anchorages  and 


posttensioning  conduit;  (c)  autopsy  of  the  posttensioning  systems; 

(d)  structural  testing  of  the  posttensioning  strands;  (e)  analysis  of 
the  products  of  corrosion  on  the  steel  strands;  ctnh  (f)  analysis  of  the 
concrete  and  grout  of  the  beams.  As  a result  of  this  testing,  three 
additional  beams  were  returned  to  the  WES  at  the  end  of  13  years  of 
exposure  for  similar  testing  and  evaluation. 


PREFACE 


This  investigation  forms  a part  of  Engineering  Study  031  ( formerl 
Civil  Works  Investigation  Item  CW  03l)  and  was  authorize!  by  multiple 
letter  dated  11  December  1956  from  the  Office,  Chief  of  Engineers  (OCE) 
U.  S.  Amy.  The  project  plan,  "Durability  and  Behavior  of  Prestressed 
Concrete  Beams,"  was  drafted  in  accordance  with  instructions  from  OCE 
and  recommendations  of  the  Reinforced  Concrete  Research  Council  of  the 
American  Society  of  Civil  Engineers. 

The  test  program  was  carried  out  by  the  Concrete  Laboratory  of 
the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES),  under  the 
direction  and  supervision  of  Messrs.  Bryant  Mather,  Chief  of  the  Con- 
crete Laboratory;  J.  M.  Polatty  and  J.  M.  Scanlon,  Jr.,  former  Chief 
and  Chief,  respectively,  of  the  Engineering  Mechanics  Division;  and 
J.  E.  McDonald,  Chief  of  the  Structures  Branch.  The  project  leader  was 
Mr.  E.  F.  O'Neil,  who  also  prepared  this  report. 

Directors  of  the  WES  during  the  conduct  of  this  investigation  and 
the  preparation  and  publication  of  this  report  were  COL  A.  P.  Rollins, 
Jr.,  CE,  COL  E.  H.  Lang,  CE,  COL  A.  G.  Sutton,  Jr.,  CE,  COL  J.  R. 
Oswalt,  Jr.,  CE,  COL  L.  A.  Brown,  CE,  BG  E.  D.  Peixotto,  CE,  COL  G.  H. 
Hilt,  CE,  and  COL  J.  L.  Cannon,  CE.  Technical  Directors  were 
Messrs.  J.  B.  Tiffany  and  F.  R.  Brown. 
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Units  of  measurement  used  in  this  report  can  be  converted  as  follows: 


Multiply 


To  Obtain 


U.  S.  Customary  to  Metric  (Si) 


inches 

feet 

square  inches 
cubic  yards 

gallons  (U.  S.  liquid) 
pounds  (mass) 

pounds  (mass)  per  cubic  foot 
pounds  (force) 
kips  (force) 
tons  (force) 

pounds  (force)  per  square  inch 
pounds  (force)  per  minute 


millimetres 

metres 


0.30^8  metres 

6.14516  square  centimetres 

0.76!455^9  cubic  metres 

O.OO3785I4I2  cubic  metres 

0 . ^4. 53592U  kilograms 


I6.OI8I46 

I4.I4E8222 

I4.I4E8222 


8.896I4I4I4  kilonewtor.s 

0.006891+757  megapascals 
0.071+137  newtons  per 


kilograms 

kilograms  per  cubic  metre 

newtons 

kilonewtons 

kilonewtor.s 


angstroms 


cubic  centimetres 


0.0001 


newtons  per  second 
micrometres 


Metric  ( SI ) to  U.  S.  Customary 


kilograms 

grams  per  cubic  centimetre 


Celsius  degrees  or  Kelvins 


0.06102376  cubic  inches 

0.002201462  pounds  (mass) 

2.2014622  pounds  (mass) 

0.0361273  pounds  (mass)  per  cubic 

inch 

9/5  Fahrenheit  degrees* 


* To  obtain  Fahrenheit  (F)  temperature  readings  from  Celsius  (C)  read- 
ings, use  the  following  formula:  F = 9/5(C)  + 32.  To  obtain  Fahren- 
heit readings  from  Kelvins  (K),  use:  F = 9/5(K  - 273.15)  + 32. 
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DURABILITY  AND  BEHAVIOR  OF  PRESTRESSED  CONCRETE  BEAMS 


POSTTENSI ONED  CONCRETE  BEAM  INVESTIGATION  WITH  LABORATORY 
TESTS  FROM  JUNE  1961  TO  SEPTEMBER  1975 


PART  I : INTRODUCTION 

Background 

1.  This  project  was  begun  in  1956  to  study  the  durability  and 
behavior  of  a series  of  prestressed  concrete  beams.  Twenty  postten- 
sioned  concrete  beams  were  cast  between  23  September  i960  and  3 March 
1961  and  placed  at  half-tide  elevation  at  the  Treat  Island,  Maine, 
exposure  station  (Figure  l)  in  June  1961.  The  beams  were  subjected  to 
twice  daily  tidal  inundations  plus  freezing  in  air  and  thawing  in  sea- 
water for  12  to  13  winters.  The  twenty  air-entrained  concrete  beams 
were  rectangular  at  the  ends  (10-  by  l6-in.*  cross  section)  and  were 
96  in.  long  with  a 68-in. -long  thin  web  section  (5-  by  6-in.  cross 
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Figure  1. 


Concrete  beams  at  Treat  Island,  Maine, 
exposure  station 


* A table  of  factors  for  converting  U.  S.  cu&toraary  units  of  measure- 
ment to  metric  (Si)  units  and  metric  (Si)  units  to  U.  S.  customary 
units  is  presented  on  page  7. 


cur- 


see  t- ion) . nineteen  of  the  beams  contained  posttensioning  systems 
rounded  by  a flexible  metal  conduit  ( 1-1/1-  to  1-5/8-in.  OD).  The  other 
beam  contained  one  unbonded,  coated  posttensioning  tendon  that  was 
spiral -wrapped  with  paper.  All  beams  contained  other  steel  reinforcing 
that  was  provided  with  a nominal  3 A— in.  concrete  cover.  The  eccentric- 
ity of'  the  unbonded  tendon  or  the  metal  tubing  to  enclose  the  postten- 
sioning tendon  was  either  0,  1,  2,  or  3 in.  The  other  reinforcing  was 
longitudinal  steel,  stirrups,  and  bearing  grillages.  Tables  1— h pre- 
sent the  physical  properties  of  the  beams  and  end  protective  systems. 
While  References  1 and  2 describe  the  investigation  of  pretensioned 
beams  of  this  study,  a detailed  description  of  the  interim  activities 
can  be  found  in  Reference  3. 


Purpose  of  Investigation 


2.  The  purpose  of  this  phase  of  the  investigation  was  to  test 
and  evaluate  prestressed  concrete  beams  and  various  types  of  end 
anchorage  protection  exposed  to  long-term  weathering.  This  was  accom- 
plished through  observation,  structural  testing,  and  physical  and 
chemical  analyses  f eight  posttensioned  beams  determined  to  be  rep- 
resentative of  the  performances  of  the  prestressing  steel  and  anchorage 
systems  subjected  to  adverse  conditions.  Initially  five  beams  were 
returned  to  the  U.  S.  Army  Engineer  Waterways  Experiment  Station  (WES) 
in  September  1973  for  testing,  with  three  additional  beams  being  re- 
turned in  December  197*+  for  similar  tests. 


'cope  of  Investigation 


3.  The  laboratory  tests  consisted  of  the  following  procedures: 


An  initial  photographic  inspection. 


Destructive  testing  of  each  beam  to  determine  the  short- 
term stress-deflection  history  at  12  to  13  years,  the 

al  Lnit  Lai  cracking,  the  crack  pattern  history,  the 
ultimate  flexural  load,  and  the  type  of  beam  failure. 


Observation  of  the  corrosion  on  the  conventional 
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reinforcement  and  an  external  inspect i n of  the  postten- 
sioning tendons  to  letermine  the  corr  >si  a present  on  the 
end  anchi  'rages . 

d_.  An  internal  photographic  inspection  of  the  conduit  to 

determine  the  details  of  the  gr  ut-steel  bond  characteris- 
tics, corrosion  deposited  on  the  grout,  grout  crack  pat- 
terns, and  corrosion  of  the  stee.  tend  ns  and  the  metal 
conduit . 

1.  The  steel  strands  and  gr  ut  of  each  beam  were  analyzed  to 
determine  the  stress-strain  relationship  and  the  ultimate  strength  of 
the  strands  and  the  chemical  nature  of  the  corrosion  on  the  steel  and 
in  the  grout. 


Testing  Procedure 


5.  Tables  1-1  relate  mixtures  used  to  fabricate  posttensi  .ned 
beams,  general  information  about  the  posttensioned  beams,  posttension- 
ing systems  used,  and  twelve  types  f end  anchorage  protection  used, 
respectively.  Appendix  B presents  in  graphic  form  the  composition  of 
each  beam  tested  and  its  type  of  failure  under  third-point  loading. 

6.  After  the  beams  were  received  by  the  Concrete  Laboratory  at 
the  VIES , they  were  photographed  from  the  landward  and  seaward  ends  and 


from  both  sides  to  record  any  rust  areas  present  on  the  surfaces  and 
any  portions  of  the  beams  from  which  the  concrete  or  the  epoxy-concrete 
caps  had  spalled  or  separated,  thereby  exposing  either  conventional 
reinforcement , posttensioning  steel,  or  end  anchorage  plates. 


7.  After  photographing,  the  beams  were  marked  at  third-point 
intervals  for  loading  into  the  testing  frame.  The  8-ft-long  beams  had 
7.0-ft-long  testing  spans,  and  the  support  markings  were  placed  6 in. 
from  each  end  of  each  beam  proper.  The  protective  end  caps  were  not 
included  in  the  testing  length.  Where  the  loading  or  supporting  points 
occurred  in  an  area  in  which  the  concrete  had  spalled,  an  epoxy  patch 
was  used  to  repair  the  area  to  assure  adequate  bearing  surface  during 
testing. 

8.  The  distance  between  roller  supports  was  measured  on  both 
sides  of  the  beam  to  ensure  that  the  prescribed  testing  span  was 

10 


: ■ lined,  rhe  . ngil  idinal  ri  :ntati  n f the  beam  in  t he  frame  was 
:ked  t av  ' 1 . )ngitudinal  eccentricities  ■ f load.  A 60-ton  hydrau- 
. i ■ ran  was  ised  t<  apply  the  load  to  the  beam.  A ball  and  socket 
swive , was  placed  between  the  ram  and  the  load-distributing  beam  to 
ipj  .7  the  ad  perpendicular  to  the  test  beam.  A dial  gage  with  easl 

reading  f . . in.  was  anch  red  to  the  frame  and  :entered  n the 
bott  mi  face  of  the  beam  to  record  the  center-line  deflection.  An 
overall  photograph  of  this  apparatus  setup  is  shown  in  Figure 


Figure  2.  Test  apparatus 


Loading 

9.  Each  beam  was  loaded  at  a constant  rate  f appr  ximately 
2023  lb  per  min.  with  dial  gage  readings  taken  at  each  5000-lb  increment. 
Dial  gage  readings  were  recorded  to  the  thousandth  if  an  inch  a . nr  with 
the  load,  ram  pressure,  and  elapsed  time.  When  initial  cracking 
curred,  the  cracks  were  marked,  the  load  was  recorded,  and  a phot ograpl 
the  crack  was  taken  (see  Appendix  A,  Plates  Al-Al,  for  load-deflecti 
curves ) . 

10.  Subsequent  to  initial  cracking,  the  cracks  were  marked  t 
record  their  progress  thr  lgh  the  beam,  and  photographs  were  taken 
at  intermittent  load  levels  throughout  the  structural  testing  (see 
Appendix  A , Photos  Al-AlL). 
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11.  Loading  was  c ntinued  until  the  beam  failed.  Observations 
were  made  t ietermiue  the  type  of  failure,  whether  the  concrete  in  the 
-•  mpressi  n f ange  was  : rushed,  Lf  the  tend  failed,  or  if  there  was  a 
bon  1 fai  ire. 

Wien  the  beam  had  failed,  it  was  removed  from  the  test  frame, 
■ ncrete  was  :hipped  fr  m the  | sttensi  ning  tend  a , and  the  c in- 
vent i nal  reinforcement  was  rem  ved  by  means  if  an  air  hammer.  During 
pr  :ess,  :are  was  taken  not  to  injure  the  conduit  surrounding  the 
posttensioned  strands. 

Kx-iminati  n .of  the  reinforcement 

13.  When  the  concrete  had  been  completely  removed,  the  conven- 
tional reinforcement  cage  and  the  posttensioning  conduit  were  photo- 
graphed. Records  were  made  of  the  severity  and  location  of  any  rust 
or  corrosion  present  on  either  the  enu  anchorage  plates  or  the  exterior 
of  the  conduit.  The  conduit  was  then  cut  out  of  the  reinforcing  cage 
without  injuring  the  conduit,  and  further  examination  of  the  conduit 
was  begun. 

lb.  Following  removal  of  the  conduit,  it  was  opened  by  use  of  an 
epoxy  abrasive  grinding  wheel.  Repetitive  passes  of  the  edge  of  the 
grinding  wheel  were  used  to  ensure  that  the  grout  below  the  conduit  was 
not  gouged  and  its  appearance  destroyed. 

15-  Gouging  the  grout  was  unavoidable  to  a certain  degree.  In 
order  to  completely  cut  through  the  conduit,  a small  groove  5/32  in. 
wide  and  3/32  in.  long  was  worn  into  the  surface  of  the  grout.  This 
did  not  destroy  the  appearance  of  the  grout  but  did  initiate  a crack 
in  the  grout  coincident  with  the  groove  due  to  concentration  of  the  re- 
maining stresses.  In  certain  areas  of  the  conduit,  the  grout  cover 
over  the  posttensioning  strands  was  so  thin  that  the  steel  below  the 
grout  was  scratched  when  the  grinding  disk  cut  through  both  the  conduit 
and  the  thin  layer  of  grout.  The  grout  cracked  when  the  conduit  was 
opened  due  to  the  release  of  the  confining  compressive  stresses  of  the 
conduit . 

16.  The  conduit  was  then  pried  back,  exposing  the  grout,  and 
photographs  were  taken  to  record  any  rust  or  air  pockets.  The  cracked 
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pieces  of  grout  were  removed  and  fitted  back  together  to  give  an  accu- 
rate description  of  the  areas  of  rust,  bond  characteristics,  air  voids, 
grout  thickness,  and  particle  shape. 

IT.  Photographs  were  taken  of  any  unusual  conditions,  especially 
the  formation  of  excessive  rust,  the  occurrence  of  air  voids  between  the 
grout  and  the  conduit,  and  the  appearance  of  air  bubbles  or  rust  be- 
tween the  steel  strands  and  the  grout. 

l8.  Samples  of  the  grout  were  taken  from  various  areas  in  the 
conduit,  labeled,  and  analyzed  for  chloride  content,  grout  pH,  grout 
density,  and  water  content. 

19-  After  recording  the  condition  of  the  grout,  the  remaining 
pieces  were  removed  from  the  conduit,  and  the  steel  strands  were 
examined  for  rust.  Each  individual  strand  was  labeled  and  the  amount 
of  rust  on  it  recorded.  The  rust  was  described  as  light,  moderate,  or 
heavy,  depending  on  the  amount  of  surface  area  covered.  The  areas  of 
corrosion  were  recorded  by  measuring  their  distances  from  either  the 
landward  or  seaward  end  of  the  beam.  Any  products  of  corrosion  other 
than  rust  were  also  located  and  the  amounts  recorded. 

20.  Each  strand  of  the  initial  five  beams  was  then  scraped  with 
a razor-blade-type  knife  to  remove  the  rust  and  corrosion  products  for 
analysis  by  X-ray  diffraction  (XRD).  The  diameter  of  the  cleaned  strand 

iwus  then  measured  with  a micrometer  at  2-in.  intervals  along  the  outer 

12-in.  lengths  and  at  6-in.  intervals  for  the  rest  of  the  strand  to 
locate  the  minimum  cross-sectional  area  of  the  strand.  From  each 


strand,  three  12-in. -long  sections  were  removed  for  testing.  The  three 
sections  were  subjected  to  tension  testing,  and  their  stress-strain  his- 
tory  was  recorded.  The  physical  characteristics  of  each  section  were 
noted  and  recorded  previously  (see  Table  5 for  results). 


three  beams  was  essentially  the  same  as  that  for  the  first  five;  how- 
ever, some  tests  were  omitted  and  some  added  to  obtain  new  information. 
It  was  decided  that  no  new  data  would  be  obtained  by  analyzing  the  rust 
from  the  strands  by  XRD  analysis  since  these  tests  did  not  detect  any- 
thing out  of  the  ordinary  in  the  initial  investigation.  Therefore,  this 
test  was  dropped  from  the  testing  procedure.  Also,  it  was  desired  to 
test  the  strands  of  one  beam  for  their  stress-strain  history  without 
first  subjecting  them  to  any  stresses  that  would  accompany  destructive 
testing  of  the  beam.  Thus,  the  strands  of  beam  1 were  tested  without 
destructively  testing  the  concrete  beam.  The  structural  testing  of 


the  strands  in  the  initial  investigation  had  indicated  that  the  steel 
strands  protected  by  a grout-filled  conduit  were  not  seriously  damaged 
from  rust  corrosion  and  that  only  the  strands  in  the  conduit  filled  with 
grease  were  damaged.  Since  the  three  beams  subsequently  returned  had 
grout-filled  conduits,  only  the  strands  of  the  beam  were  tested  that 
had  not  been  destructively  tested  to  determine  whether  this  had  any 
effect  on  the  strength  of  the  strand. 

23.  Two  additional  tests  were  conducted  on  these  three  beams. 
Since  in  the  first  investigation  there  was  no  record  made  of  the  amount 
of  chloride  contamination  to  the  concrete  of  the  beams,  each  of  these 
beams  was  tested  for  chloride  contamination  across  its  width  at  the 
elevation  of  the  posttensioning  conduit. 

2b.  The  samples  taken  for  determination  of  chloride  content  were 
removed  from  five  sections  along  the  length  of  the  beam.  Cross  sections 
were  made  at  each  end  of  the  beam  where  the  width  of  the  beam  was 
10  in. , at  2b  in.  from  each  end,  and  at  the  midspan  where  the  width  of 
the  beam  was  5 in.  At  each  cross  section,  samples  of  approximately  3 to 
6 g were  taken  at  intervals  of  2 in.  in  the  10-in. -wide  and  0.9  in.  in 
the  5-in. -wide  cross  sections.  These  samples  were  analyzed  for  chlo- 
rides  by  a silver  nitrate  titration  test  described  by  Berman. 

25.  To  determine  the  free  water  content  of  the  grout  around  the 
posttensioning  strands,  three  samples  of  grout  (one  from  each  end  and 
one  from  the  middle)  were  removed  from  each  conduit.  The  samples  were 
weighed,  dried  in  an  oven  at  105°C  overnight,  and  then  reweighed  to 
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determine  moisture  loss  and  percentage  of  moisture  in  the  grout 
(Table  6). 


2b.  The  remaining  tests  conducted  in  the  first  investigation, 
i.e.,  structural  testing  of  the  beam,  analysis  of  the  grout,  pH  of  the 


PART  II:  OBSERVATIONS  AND  TEST  RESULTS  IN 

THE  FIRST  LABORATORY  INVESTIGATION 


27.  The  observations  and  tests  conducted  in  this  first  laboratory 
investigation  were  performed  on  beams  3,  9,  13,  15,  and  19.  The  obser- 
vations of  corr  sion  in  this  investigation  relate  to  the  outside  of  the 
posttensioning  conduit,  the  posttensioning  strands,  and  the  postten- 
sioning end  anchorage. 

28.  In  evaluating  the  extent  of  corrosion  existing  on  the  steel 
and  conduit,  the  procedure  described  in  Reference  3 was  used.  It  is 
reproduced  below  for  convenience. 

Surface  Area  of  Strand 

Extent  ~'f  Corrosion  « Coated  with  Corrosion  Products,  percent 

Heavy  80-100 

Moderate  30-80 

Light  0-30 

29-  Every  strand  of  steel  examined  was  found  to  have  some  amount 
and  type  of  corrosion.  The  most  significant  type  was  rust.  The  amount 
of  rust  was  categorized  as  light,  moderate,  or  heavy,  depending  upon 
what  percentage  of  the  total  surface  area  of  the  strand  was  covered. 

The  two  remaining  types  of  corrosion,  pitting  and  tarnishing,  were  also 
categorized  as  light,  moderate,  or  heavy;  however,  their  severities  were 
calculated  as  the  percentage  of  the  surface  area  of  the  strand  that  re- 
mained after  the  rust  had  been  calculated.  For  example,  if  it  was  found 
that  65  percent  of  the  surface  area  was  rusted,  the  rusting  term  would 
be  moderate;  and  if  85  percent  of  the  remaining  surface  area  contained 
rust  pits,  then  the  pitting  would  be  considered  heavy.  The  percentage 
of  tarnishing  was  also  calculated  in  this  manner.  These  two  types  of 
corrosion  are  discussed  in  the  following  paragraphs. 

30.  Pitting  is  classified  as  tiny  spots  or  nicks  in  the  surface 
of  the  steel  strand  that  contain  or  have  contained  particles  of  rust  at 
one  time.  These  particles  either  remained  in  the  pits  or  were  dislodred 
from  them  when  the  grout  was  removed  from  the  strands.  In  any  event, 
the  presence  of  pitting  was  an  indication  of  rust  or  the  presence  of 


rust  at  some  previous  time.  The  degree  of  rust  stains  on  the  inside 
surface  of  the  grout  did  not  necessarily  indicate  pitting  alone  but 
merely  corresponded  to  the  degree  of  corrosion  in  areas  where  the 
strand  was  rusted  or  pitted.  The  rusted  areas  of  the  strand  could  have 
been  pitted  also,  but  this  could  not  be  determined  since  the  rust 
covered  any  pitting  that  might  have  been  beneath  it. 

31.  Tarnishing  is  a type  of  corrosion  due  to  age.  Throughout 
the  study,  it  was  observed  that  the  strands  had  almost  entirely  lost 
their  new  and  lustrous  appearance,  and  all  the  strands  were  dull  to 
at  least  a mild  degree.  Any  area  that  was  not  rusted  or  pitted  but 
was  dulled  through  the  years  by  some  degree  of  corrosion  was  considered 
tarnishe'd;  while  this  may  not  be  strictly  considered  rust,  it  is  an 
alteration  of  the  physical  characteristics  of  the  metal  by  chemical 
means . 

32.  It  should  be  pointed  out  that  the  system  of  classification 
for  rust  and  tarnish  may  be  misleading  to  some  readers.  The  classifi- 
cations light  and  moderate  do  not  present  much  of  a problem  because 
they  accurately  describe  their  respective  percentages  of  surface  area 
corroded;  however,  heavy  represents  80-100  percent  surface  area  covered. 
At  100  percent  coverage,  the  descriptiveness  of  this  system  does  not 
tell  how  badly  corroded  the  steel  is  but  merely  states  that  the  surface 
is  fully  covered  with  products  of  corrosion.  The  strands  in  this  study 
that  were  labeled  as  heavily  corroded  did  not  have  deep  corrosion  and 
deterioration  of  the  metal,  with  the  exception  of  the  landward  end  of 
beam  13.  The  rest  of  the  strands  had  not  lost  more  than  0.005  in.  in 
diameter  when  they  were  cleaned  and  sanded.  In  general,  when  the  clas- 
sification heavy  was  used  to  describe  a strand  of  steel,  the  percentage 
of  surface  area  covered  was  less  than  or  just  at  100  percent  and  cor- 
rosion deep  in  the  strand  was  not  present. 

Beam  3 


33.  The  as-received  condition  of  beam  3 is  shown  in  Figure  3. 
Concrete  had  spalled  from  the  conventional  reinforcement  in  several 
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c.  Landward  end  view  d.  Seaward  end  view 

Figure  3.  As-received  condition  of  beam  3 

places,  exposing  the  reinforcing  bars  to  attack  by  seawater.  Both  of 
the  beam's  end  protection  caps  were  still  attached  to  the  beam  and  were 
in  good  shape.  Some  of  the  concrete  had  spalled  from  the  corners  of 
the  landward  end  protection,  but  essentially  both  end  caps  were  intact 
and  in  good  condition. 
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a.  Side  view 


b.  Side  view 


"W 


34.  The  landward  end  of  beam  3 was  protected  by  an  air-entrained 
concrete  mixture  placed  over  the  end  of  the  beam.  The  end  of  the  beam 
was  prepared  by  bush  hammering.  The  seaward  end  was  also  protected  by 
an  air-entrained  cap,  but  the  concrete  was  bonded  to  a cold  joint 
interface. 
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35-  The  strands  protruding  from  the  end  anchorage  of  beam  3 
were  arranged  in  a circular  fashion.  For  purposes  of  identification, 
the  strands  were  numbered  as  shown  in  Figure  4 (view  from  landward 
end) . 


| Condition  of  the 

i landward  end  anchorage 

J 

3 6.  The  1-1/4-in.  length  of  each  strand  that  protruded  from  the 

j end  of  the  anchorage  was  rusted  to  varying  degrees.  Some  of  the  strands 

i were  only  slightly  rusted,  while  some  were  corroded  to  the  point  that 

I parts  of  their  volumes  had  been  eaten  away. 

37.  Using  the  nomenclature  in  Figure  4,  the  steel  strands  that 

I protruded  from  the  end  of  the  anchorage  were  corroded  (Photo  l)  as 

follows : 


ft rand 

in u M i ssing 
percent 

ftrand 

Volume  Missing 
percent 

1 

10 

7 

85 

2 

Mild  rusting* 

8 

100 

3 

Mild  rusting* 

9 

ilO 

1 

'■tild  rusting* 

10 

Mild  rusting* 

5 

Mild  rusting* 

11 

35 

6 

10 

12 

60 

* .hese  strands  had  lost  <1  percent  of  their  volumes  and 
were  only  mildly  rusted. 


38 . The  coil  of  wire  that  surrounded  the  concrete  of  the  anch  r 
was  relatively  free  of  rust  due  to  the  fact  that  it  was  buried  well 
within  the  protective  cap.  Only  the  two  turns  of  steel  closest  to  the 
landward  end  were  rusted  at  all.  The  first  turn  was  covered  with  a 
heavy  coat  of  rust  on  its  surface,  and  the  second  was  moderately  rusted 
The  rust  on  the  second  turn  was  mainly  at  the  bottom  of  the  anchorage. 
The  remaining  turns  were  free  of  rust,  and  the  sand-cement  mortar  with- 
in the  coils  was  dense  and  solid. 

Condition  of  the  conduit 

39.  The  outside  of  the  conduit  was  only  lightly  rusted,  with  Les 
than  1 percent  of  the  surface  area  coated  with  rust.  Most  of  this  cor- 
r oi  was  . cate  1 n tot-  m ier.;  i le  the  ■ ndiit.  fhe  • rr  si  wa. 
not  concentrated  at  any  one  location  on  the  conduit,  but  the  middle 
and  landward  portions  of  conduit  had  more  rust  than  did  the  seaward  en  i 

40.  Over  the  entire  length  of  the  conduit,  the  metal  seemed  to 
be  divided  into  alternate  and  irregular  areas  in  which  either  the 
metal  was  smooth  and  shiny  or  the  surface  was  textured  and  dull.  These 
alternating  areas  were  not  ordered  in  length  and  did  not  have  any 
pattern.  The  dull  areas  greatly  outnumbered  the  shiny  ones,  and  in  ail 
cases,  the  rust  appeared  on  the  lustrous  portions. 

i*l.  There  were  two  small  holes  on  the  conduit  where  the  rusting 
had  eaten  through  the  metal.  They  were  both  on  the  landward  end  and  on 
the  side  of  the  conduit.  The  holes  were  each  about  l/l6  in.  in  diamete 
and  the  heavy  rusting  around  each  hole  was  about  1/8  in.  in  radius. 

U2.  The  inside  of  the  conduit  was  also  only  lightly  rusted.  The 
corrosion  was  heavier  at  the  landward  than  at  the  seaward  end,  but  stil 
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il  never  - vered  greater  than  5 percent  f the  surface  area.  The  rust 
the  inside  was  concentrated  at  the  bottom  of  the  conduit,  producing 
rusl  . [ ts  and  rust  in  the  valleys  of  the  joints  of  metal.  At  the  t ; 
of  the  landward  end  of  the  conduit  were  two  spots  where  there  was  a 
length  of  rusting  that  was  due  to  contact  between  the  steel  strands  and 
the  ■ nduit.  At  this  j int,  there  appears  t have  been  n gr  it  e ver 
over  the  steel  strands. 

U3 . After  the  conduit  had  been  sawn  through  and  was  being  pried 
pen,  two  of  the  strands  pushed  their  way  through  the  cut  in  the  con- 
duit. These  strands  (strands  1 and  2 described  in  the  following  para- 
graphs) protruded  from  the  conduit  for  approximately  l8  in.  and  at  their 
highest  j int  were  2 in.  above  the  top  of  the  conduit.  This  observati  n 
showed  that  although  the  tendon  was  out  of  the  beam,  there  was  still 
some  stress  in  the  strands.  As  the  conduit  was  further  opened,  the 
grout  cracked  into  pieces  due  to  the  release  of  the  radial  constraint  of 
the  conduit. 

1*1.  The  followin  - subparagraphs  describe  the  condition  of  each 
strand  in  beam  3. 

a.  Strand  1. 

(1)  Landward  end:  Continuous  corrosion  existed  over 

the  entire  end  (0-2  in.  = light  rusting  and  moderate 
pitting  on  the  remaining  surface;  2-32  in.  = moderate 
rusting  and  heavy  pitting). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-l8  in.  = moderate  rusting  and  heavy 
pitting;  18-32  in.  = heavy  rusting  and  pitting,  with 
some  grout  remaining  well  bonded  to  the  steel  in 
this  area). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-57  in.  from  the  landward  end  = 
moderate  rusting  and  pitting;  32-39  in.  from  the  sea- 
ward end  = heavy  rusting  and  pitting). 

b_.  Strand  2. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-2  in.  = moderate  rusting  and  heavy 
pitting  with  light  patches  of  bonded  grout;  2-32  in. 

= moderate  rusting,  mainly  where  there  was  bar-to-bar 
contact,  and  heavy  pitting). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 
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entire  end  (0-12  in.  = m lerate  ru:  t In  ■ , heavy 
pitti ng,  and  b nded  gr  ul  ; 1 - ■ in.  = ra  lerat  •• 
rusting  and  heavy  pitting) . 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-48  in.  from  the  landward  end  = 
moderate  rusting  and  heavy  pitting;  32-48  in.  from 
the  seaward  end  = moderate  rusting  and  pitting,  with 
light  grout  bonded  to  pitted  areas). 

c_.  Strand  3. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  ( 0-8  in.  = light  rusting,  mainly  where 
there  was  bar-to-bar  contact,  and  heavy  pitting  with 
light  amounts  of  bonded  grout;  8-27  in.  = moderate 
rusting  and  heavy  pitting;  27-32  in.  = heavy  rusting 
and  pitting,  with  light  grout  bonded  to  the  steel.. 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = moderate  rusting,  which  was 
heavier  toward  the  center,  heavy  pitting,  and  mod- 
erate bonded  grout  near  the  end). 

(3)  Midsection:  Continuous  corrosion  existed  over  this 

section  (32-39  in.  from  the  landward  end  = heavy 
rusting  and  pitting;  39-64  in.  from  the  landward 
end  = moderate  rusting  and  heavy  pitting). 

cl.  Strand  it . 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-3  in.  = moderate  rusting,  mainly  where 
there  was  bar-to-bar  contact,  and  heavy  pitting; 

3-6  in.  = moderate  rusting,  where  the  bar  came  in  con- 
tact with  the  conduit,  and  heavy  pitting  elsewhere; 

6-25  in.  = light  to  moderate  rusting  and  heavy  pit- 
ting; 25-32  in.  = moderate  rusting  and  heavy  pitting, 
with  spots  of  grout  bonded  to  the  steel). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-21  in.  = moderate  rusting,  mostly  where 
there  was  bar-to-bar  contact,  and  heavy  pitting  close 
to  the  seaward  end;  21-2k  in.  = moderate  to  heavy 
rusting  and  heavy  pitting,  with  the  strand  in  this 
area  moderately  covered  with  bonded  grout;  2b- 32  in. 

= heavy  (100  percent)  rusting). 

(3)  Midsection:  Continuous  corrosion  existed  in  this 

section  (32-42  in.  from  the  landward  end.  = moderate 
rusting  and  heavy  pitting,  with  spots  of  bonded 
grout;  32-54  in.  from  the  seaward  end  = heavy  rusting). 

e_.  Strand  5. 

(l)  Landward  end:  Continuous  corrosion  existed  over  the 
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entire  end  (0-2  in.  = light  rusting  and  heavy 
pitting;  2-32  in,  = moderate  rust in,' , particularly 
where  there  was  bar-to-bar  contact,  and  moderate 
pitting.  . At  this  end  of  this  strand,  the  corrosion 
increased  with  distance  from  the  end  f the  strand. 

Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-24  in.  = moderate  rusting  and  heavy 
pitting,  with  grout  bonded  to  the  strand  from  6 to 
18  in.;  24-32  in.  = heavy  rusting  and  pitting). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-48  in.  from  the  landward  end  = 
moderate  rusting,  where  there  was  bar-to-bar  ; ntact, 
and  heavy  pitting;  32-48  in.  from  the  seaward  end  = 
heavy  rusting  and  pitting). 

_f . ft  rand  t. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-2  in.  = light  rusting  and  heavy  pitting; 
2-21  in.  = light  to  moderate  rusting  and  heavy  pit- 
ting; 21-32  in.  = moderate  rusting  caused  mainly  by 
bar-to-bar  contact,  heavy  pittinr,  and  moderate 
bonded  grout  cover  ! . 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-18  in.  = moderate  rusting  and  heavy 
pitting,  with  moderate  grout  bonded  to  the  rod; 

18-32  in.  = moderate  rusting  and  heavy  pitting). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-61  in.  from  the  landward  end  = 
moderate  rusting,  particularly  where  there  was  bar- 
to-bar  contact,  and  heavy  pitting,  with  moderate 
bonded  grout;  32-35  in.  from  the  seaward  end  = mod- 
erate rusting  and  heavy  pitting,  with  light  grout 
cover ) . 

£.  Strand  T. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-2  in.  = no  rusting  and  moderate  pit- 
ting; 2-32  in.  = moderate  rusting  and  pitting). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-4  in.  = light  to  moderate  rusting  and 
moderate  pitting;  4-32  in.  = moderate  rusting  and 
pitting) . 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-39  in.  from  the  landward  end  = 
moderate  rusting  and  pitting;  32-57  in.  from  the  sea- 
ward end  = moderate  to  heavy  rusting  and  moderate 
pitting) . 
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Strand  8. 


(1)  Landward  end:  Continuous  corrosion  existed  ver  the 

entire  end  (0-1  in.  = very  light  rusting  and  heavy 
pitting;  U-l8  in.  = moderate  rusting  and  pitting; 

18-32  in.  = moderate  rusting  and  heavy  pitting). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-l6  in.  = heavy  (100  percent)  rusting 
consisting  of  very  tiny  rust  particles;  16-32  in.  = 
rust  increasing  from  light  to  moderate  and  moderate 
pitting) . 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-56  in.  from  the  landward  end  = 
moderate  to  heavy  rusting  and  heavy  pitting;  32-10 
in.  from  the  seaward  end  = moderate  rusting  and 
pitting;  grout  bonded  to  the  pitted  areas  at  numer  us 
locations  in  this  section). 

Ctrand  9. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-5  in.  = light  rusting  and  heavy  pitting; 
5-27  in.  = moderate  rusting  and  pitting;  27-32  in. 

= heavy  rusting  and  light  pitting). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-25  in.  = heavy  rusting  and  light 
pitting,,  with  two  patches  of  grout  bonded  to  the  bar 
at  11  and  25  in.,  respectively,  from  the  seaward  end; 
25-32  in.  = moderate  rusting  and  pitting). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-13  in.  from  the  landward  end  = 
heavy  rusting  and  light  pitting;  32-53  in.  from  the 
seaward  end  = moderate  rusting  and  pitting). 

j_.  Strand  10. 

(l)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-5  in.  = light  rusting  and  heavy'  pitting; 
5-26  in.  = moderate  rusting  and  pitting;  26-32  in. 

= heavy  rusting  and  m derati  pitting  . 

Seaward  end:  Continuous  corrosii  n < xisted  v r thi 

entire  end  (0-10  in.  = moderate  rusl  Lng  and  heavy 

pitting;  1 -•  in.  * m J it<  rusting  and  heavy 

pitting,  with  some  grout  b n ie  i t.  * he  strar.i  . 

Midsecti  n:  ' ntinu  ..  • rr  si  n exist)  i rer  th) 

entire  secti  (32-1  . from  the  end  = 

heavy  rusting  and  moderate  : l'-  fr  m 

■ ie  seawar  i i i = lerate  rusting  and  heavy  pitting  . 
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k.  Strand  11. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-3  in.  = light  rust  on  the  surface  of 
the  bar  due  to  contact  with  another  bar  and  moderate 
pitting;  3-23  in.  = light  to  moderate  rusting  due 

to  bar  contact  and  moderate  pitting;  23-32  in.  = 
heavy  rusting  and  pitting). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-l8  in.  = moderate  rusting  and  heavy 
pitting;  18-32  in.  = moderate  rusting  and  pitting). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-39  in.  from  the  landward  end  = 
heavy  rusting  and  pitting;  32-57  in.  from  the  seaward 
end  = moderate  rusting  and  pitting,  with  some  calcium 
carbonate  deposits  on  the  strand  at  approximately 

50  in.  from  the  seaward  end). 

_1 . Strand  12. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-3  in.  = moderate  rusting  and  heavy 
pitting;  3-32  in.  = heavy  rusting  and  pitting). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-29  in.  = heavy  rusting  and  pitting, 
with  heavy  coverage  of  bonded  grout;  29-32  in.  = 
heavy  rusting  and  pitting). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-35  in.  from  the  landward  end  = 
heavy  rusting  and  pitting;  35-1+6  in.  from  the  land- 
ward end  = moderate  rustin'  and  heavy  pittinr,  with 
moderate  oonded  grout;  32-50  in.  from  the  seaward 
end  = heavy  rusting  and  pitting). 

Condition  of  the 
seaward  end  anchorage 

1+5.  The  1—1/ 1+  in.  of  the  strands  that  protruded  through  the  sea- 
ward anchorage  coil  and  were  embedded  in  the  concrete  protective  cap 
were  not  rusted.  Mild  pitting  was  observed  on  each  strand,  and  all 
strands  were  tarnished. 

U6.  The  coil  of  Steel  around  the  concrete  that  made  the  end 
rage  was  likewise  free  of  rust  and  mildly  pitted  ( Photo  2). 

Beam  9 

• • as-r<  ; condition  of  beam  9 is  shown  in  Figure  5. 
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landward  end.  The  entire  protective  cap  was  missing,  and  the  end  anchor- 
age was  exposed. 

1*8.  The  landward  end  of  beam  9 was  protected  by  an  air-entrained 
concrete  mixture  placed  over  the  end  of  the  beam,  which  had  been  pre- 
pared by  bush  hammering.  The  protective  cap  for  the  seaward  end  was 
also  air-entrained  concrete,  but  it  was  poured  against  concrete  that 
contained  a retarding  agent  to  slow  the  time  of  set  and  provide  a 
stronger  bond  between  beam  and  cap. 

Condition  of  the 
landward  end  anchorage 

1*9.  The  outside  of  the  landward  end  anchorage  plate  (Photo  3)  was 
heavily  rusted.  The  entire  face  of  the  anchor  plate,  as  well  as  the 
threaded  end  of  the  posttensioning  rod,  the  washer,  and  the  bolt  used 
to  tighten  the  rod,  was  corroded.  The  anchor  plate  was  covered  with  a 
thin  layer  of  unsound  rusted  metal.  Parts  of  this  layer  had  flaked 
away,  and  the  sound  metal  below  was  covered  with  rust. 

50.  The  four  edges  of  the  anchor  plate  were  also  covered  with 
rust,  which  was  heavy  but  not  as  deep  as  that  on  the  face  of  the  plate. 
This  anchor  was  cast  with  its  inside  face  flush  with  the  landward  ex- 
tremity of  the  beam  so  that  the  edges  would  be  exposed  to  the  same 
corrosive  factors  that  the  face  received.  As  stated  in  paragraph  1*7  and 
shown  in  Appendix  B,  this  beam  was  returned  to  the  WES  with  the  landward 
end  protective  cap  missing.  The  bolt  on  the  posttensioning  rod  at  this 
end  had  some  spots  where  the  steel  was  uncorroded,  but  the  major  portion 
of  the  steel  was  covered  with  rust. 

51.  The  inside  face  of  the  end  anchorage  plate  was  very  mildly 
rusted.  The  few  patches  of  rust  that  were  located  near  the  outside 
edges  of  the  plate  were  heavily  rusted  but  did  not  extend  inward  for 
more  than  1 in.  from  the  edge. 

Condition  of  conduit 

52.  The  outside  of  the  conduit  was  free  from  rust  between  the 
end  anchorages.  The  landward  end  funnel  had  become  dull  and  had  c n- 
crete  stuck  to  its  surface.  This  was  also  true  of  the  seaward  funnel. 
When  the  landward  housing  was  opened,  the  rrout  beneath  the  housing  and 
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jutside  of  the  conduit  had  not  penetrated  to  the  full  bounds  that  it 
■ ild  be  pumped.  As  shown  in  Photo  b , the  grout  appeared  rounded  and 
tapered  into  the  conduit  inside,  leaving  a cavity  between  the  housing 
and  the  I nduit.  When  the  housing  was  removed,  the  grout  beneath  it  was 
hard  and  dense  and  lightly  rust-stained  on  the  bottom  surface.  The 
ising  was  rusted  on  the  bottom,  but,  the  rust  cover  was  moderate, 
length  of  conduit  beneath  the  funnel  housing  that  was  not  c verei  with 
grout  was  covered  with  tiny  rust  specks  and  dulled  heavily.  The  seaward 
end  funnel  was  also  dull  and  covered  with  a light  layer  of  concrete,  but 
when  it  was  opened,  the  grout  beneath  filled  the  entire  cone.  The  top 
surface  of  the  grout  inside  the  housing  revealed  air  pockets,  and  sene 
of  the  grout  around  these  pockets  appeared  white,  soft,  and  chalky.  The 
remainder  of  the  grout  in  the  housing  was  dense  and  hard.  The  utside 
surface  of  the  seaward  housing  had  completely  lost  its  luster  and  was 
moderately  covered  with  a layer  of  grout.  The  inside  of  the  housing 
showed  a moderate  cover  of  rust,  mostly  on  the  bottom  the  h usin'. 


The  remainder  of  the  inside  was  dull  and  had  a light  cover 


;r  . 


53.  When  the  conduit  was  opened,  the  grout  inside  appeared  1 ightlj 
rust-stained.  The  grout  on  the  bottom  side  of  the  conduit  was  stained 
more  than  that  at  the  top;  however,  it  was  still  considered  only  light. 
The  rust  that  appeared  on  the  surface  between  the  grout  and  the  conduit 
was  found  mainly  in  the  valleys  formed  by  the  joints  in  the  conduit. 

These  valleys  appeared  as  ridges  on  the  grout.  Photos  5-3  show  the  c n- 
dition  of  the  bottom  of  the  conduit  from  the  landward  end  through  the 
middle  section  to  the  seaward  end  and  the  conditions  of  the  pieces  of 
grout  associated  with  each  section.  The  central  section  (Phot  ■ 7)  ex- 
hibits the  greatest  amount  of  rusting  on  the  conduit,  and  its  pieces  of 
grout  have  the  most  rust  on  them.  Photo  8 shows  the  seaward  end  f_the 
conduit  at  the  funnel  housing  and  an  isolated  patch  of  heavy  rusting. 

5**.  The  grout  from  this  tendon  broke  into  pieces  so  small  that 
it  was  not  feasible  to  reassemble  the  sections  of  grout.  This  was  a 
result  of  the  type  of  posttensioning  system  used.  The  stressed  bar  of 
this  system  had  a diameter  not  significantly  smaller  than  that  of  the 
conduit  such  that  the  thickness  of  grout  between  the  conduit  and  the  bar 
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n t very  substantial . Also,  when  the  bar  was  placed  inside  the  c m- 
luit  and  ;r  ited,  the  1 mgitudinai  axis  of  the  post tensioning  rod  was 
sli.'htly  ab  ve  that  of  the  conduit  throughout  the  length  of  the  beam. 

.his  made  the  ."rout  cover  at  the  top  much  thinner  than  that  at  the  bot- 
t as  reflected  by  the  crack  pattern  of  the  grout.  At,  the  top,  the 
pieces  of  grout  broke  into  tiny  thin  pieces,  while  at  the  bottom  they 
were  thicker  and  more  elongated  (Photo  6).  At  the  surface  f the 
p sttensioned  bar,  the  grout  was  rust-stained  to  match  the  surface  jf 
the  bar.  i'mall  pitting-type  rust  stains  appeared  on  the  grout  which 
wepe  similar  to  the  pitting  on  the  bar. 

55.  The  following  subparagraphs  describe  the  condition  of  the  bar 
in- beam  9. 

a_.  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  to  moderate  rusting  and 
moderate  pitting  and  tarnishing,  with  a thin  layer  of 
grout  that  remained  on  the  bar  from  0 to  IT  in.). 

b_.  Seaward  end:  Continuous  corrosion  existed  over  the  en- 

tire end  (0-32  in.  = moderate  rusting  and  moderate  pit- 
ting; from  h to  6 in.  from  the  seaward  end,  on  the  bottom 
of  the  bar,  there  was  an  area  2 in.  long  and  1/2  in. 
wide  that  was  very  heavily  rusted,  and  from  26  to  29  in. , 
there  was  an  area  of  moderate  to  heavy  rusting  and 
heavy  pitting  and  tarnishing). 

c_.  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-L8  in.  from  the  landward  end  and  32-L8 
in.  from  the  seaward  end  = light  rusting,  moderate  pitting 
and  moderate  tarnishing). 

Condition  of  the 
seaward  end  anchorage 

56.  The  outside  face  of  the  seaward  end  anchor  plate  was  heavily 
corroded.  Most  of  the  top  layer  of  unsound  rusted  metal  had  been 
corroded  away,  leaving  the  soiaid  steel  below  heavily  rusted.  The 
washers  between  the  bolt  and  face  of  the  plate  were  heavily  corroded 
over  50  percent  of  their  exposed  surface  areas  as  was  the  bolt.  The 
remaining  areas  of  these  pieces  were  free  of  rust  but  were  tarnished. 

57.  The  four  edges  of  this  anchorage  were  tarnished  but  only 
mildly  rusted.  As  with  the  landward  end,  the  rust  appeared  in  heavy 
patches  around  all  four  edges.  This  same  result  occurred  on  the  inside 
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face  of  the  seaward  anchorage  plate  (Photo  9). 


beam  13 


9 8.  The  as-received  condition  of  beam  13  is  shown  in  Figure  6. 
Concrete  had  spalled  from  the  conventional  reinforcement  at  the  bottom 
of  the  beam.  There  was  one  large  spalled  area  at  the  top  of  the  sea- 
ward end  of  this  beam.  The  concrete  caps  used  as  end  anchorage  pr  - 
tection  were  only  slightly  damaged  at  the  corners;  otherwise,  they  were 
not  damaged.  Both  end  anchorage  protective  caps,  at  the  time  they  were 
returned  to  the  WES,  had  developed  cracks  between  the  caps  and  the 
actual  beam  (Figure  6c  and  d). 

57-  The  landward  end  of  beam  13  was  protected  by  an  air-entrained 
concrete  mixture  placed  around  the  anchorage  and  bonded  to  the  unpre- 
pared end  of  the  beam.  The  seaward  end  of  the  beam  also  received  an 
air-entrained  concrete  cap;  however,  the  end  of  the  beam  was  prepared 
for  the  cap  by  bush  hammering. 

60.  The  strands  of  the  tendon  in  beam  13  were  arranged  as  shown 
in  Figure  7.  For  purposes  of  identification,  they  were  numbered  as 
shown  (view  from  landward  end). 

Condition  of  the 
landward  en  i an ch vare 

61.  Starting  from  the  Landward  extremity,  the  round  anchor  plate 
and  button  ends  of  each  strand  were  heavily  corr  ded.  The  grout  around 
the  strands  had  been  discolored  by  the  rust  (Phot  10;.  The  two  metal 
spacing  bars  directly  behind  the  round  anchor  plate  were  lightly  t 
moderately  rusted,  and  the  remaining  areas  were  tarnished.  The  edges  of 
these  bars  were  more  heavily  rusted  than  were  the  exposed  faces.  The 
outside  face  of  the  rectangular  anchor  plate  was  moderately  rusted.  In 
areas  of  heavy  rusting,  the  metal  had  flaked,  exposing  sound  steel  bel  w. 
The  remainder  of  this  face  was  moderately  pitted  and  tarnished. 

62.  The  edges  of  this  plate  were  ligntly  to  moderately  rusted 
(Photo  11).  A light  amount  of  grout  remained  binded  to  the  metal 
surface.  The  inside  face  of  the  end  anchorage  was  moderately  rusted 
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with  heavy  tarnish  and  pitting.  Most  of  the 
rusting  was  concentrated  in  the  area  of  the 
plate  through  which  the  strands  passed. 
Condition  of  the  conduit 

63.  The  conduit  of  beam  13  was  not 
made  of  metal.  The  steel  strands  were 
wrapped  in  a heavy  paper-type  conduit  that 
was  several  layers  deep.  These  bars  were 
protected  against  corrosion  by  grease 
pumped  into  the  paper  conduit. 

6k.  When  all  the  concrete  was  removed 
from  the  reinforcing  cage  and  tendons,  the 
paper  wrapping  was  found  to  be  heavily  dam- 
aged. In  at  least  five  places  along  the 
conduit,  the  paper  was  torn,  with  two  places 
exposing  grease  and  the  strands  (Photo  12). 
The  remainder  of  the  conduit  was  frayed  and 
tattered.  It  was  determined  that  the  damage  to  the  conduit  at  the  paper 
tears  was  not  the  results  of  removing  the  concrete  from  the  conduit 
because  portions  of  the  paper  had  become  thin  and  brittle  with  age.  At 
the  two  spots  where  the  strands  were  exposed,  they  were  covered  with 
concrete  dust  that  had  stuck  to  the  grease  in  the  conduit.  For  the  most 
part,  the  bars  in  these  areas  were  dry,  and  at  least  50  percent  of  the 
exposed  area  was  not  covered  with  grease. 

65.  When  the  paper  conduit  was  removed,  the  strands  were  found 
to  be  stained  black  from  the  grease  that  covered  them.  Photo  13  shows 
a general  view  of  the  strands  subsequent  to  removing  the  conduit.  In 
some  of  the  areas,  the  grease  still  coated  the  strands  and  was  sticky. 

In  other  places,  the  strands  were  black  but  were  covered  with  a dried- 
out  layer  of  grease  or  exhibited  areas  of  no  grease.  The  rust  was  very 
difficult  to  locate  and  distinguish  from  bits  of  paper  conduit  because 
they  both  looked  alike  since  both  were  black  and  covered  with  grea . 

The  rust  attacked  areas  where  the  grease  was  gone  or  dried  up,  at.  j 
overall  there  was  not  enough  grease  present  to  fill  the  paper  c nduit. 
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66.  The  grease  was  steam-cleaned  from  the  surface  of  the  strands 
after  a preliminary  check  for  rust,  and  an  analysis  for  corrosion  was 
made.  The  following  subparagraphs  describe  the  condition  of  each 
strand  in  beam  13. 

a.  Strand  1. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-8  in.  = heavy  rusting,  light  pitting 
and  tarnishing;  8-21  in.  = moderate  rusting,  light 
pitting  and  tarnishing;  21-32  in.  = light  rusting, 

'no  pitting  or  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-12  in.  = moderate  rusting,  light 
pitting  and  tarnishing;  12-32  in.  = light  rusting 
and  pitting). 

(3)  Midsection:  This  section  was  corroded  in  one  area 

(U6-50  in.  from  the  landward  end  = heavy  rusting  and 
moderate  pitting). 

b.  Strand  2. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-1  in.  = moderate  rusting  and  tarnish- 
ing; 1-22  in.  = moderate  rusting,  light  pitting  and 
tarnishing;  22-32  in.  = light  rusting,  pitting,  and 
tarnishing) . 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-1  in.  = light  rusting,  moderate  pitting 
and  tarnishing;  1-12  in.  = moderate  rusting,  pitting, 
and  tarnishing;  12-l8  in.  = light  rusting,  moderate 
pitting  and  tarnishing;  18-32  in.  = moderate  rusting, 
pitting,  and  tarnishing). 

->)  Midsection:  The  entire  midsection  of  this  strand 

was  moderately  rusted  with  moderate  amounts  of  pit- 
ting and  tarnishing. 

c_.  Strand  3. 

(1)  Landward  end:  The  first  22  in.  of  this  end  of  the 

strand  was  covered  with  corrosion  (0-12  in.  = heavy 
rusting,  pitting,  and  tarnishing;  12-ll  in.  = 

m derate  rusting,  light  pitting  and  tarnishing; 

11-22  in.  = light  rusting,  pitting,  and  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-l8  in.  = moderate  rusting,  light 
pitting  and  tarnishing;  18-32  in.  = light  rusting 
and  ni  pitting  or  tarnishing). 

(3)  Midsection:  The  entire  midsection  of  this  strand 
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was  moderately  rusted  with  light  pitting  and 
tarnishing. 


d.  Strand  U . 


I 


\ 

t 
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(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-8  in.  = heavy  rusting,  pitting,  and 
tarnishing;  8-20  in.  = moderate  rusting,  light 
pitting  and  tarnishing;  20-32  in.  = light  rusting, 
pitting,  and  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-l8  in.  = moderate  rusting,  light 
pitting  and  tarnishing;  18-32  in.  = light  rusting, 
pitting,  and  tarnishing). 

(3)  Midsection:  The  entire  midsection  (32  in.)  was 

moderately  rusted  and  lightly  pitted  and  tarnished. 


e_.  Strand  5. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-1*  in.  = heavy  rusting,  pitting,  and 
tarnishing;  l*-9  in.  = heavy  rusting,  moderate  pitting 
and  tarnishing;  9-32  in.  = moderate  rusting  and 

none  to  light  pitting  and  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = moderate  rusting,  light 
pitting  and  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-1*0  in.  from  the  landward  end  = 
light  rusting,  no  pitting  or  tarnishing;  1*0-52  in. 
from  the  landward  end  = moderate  rusting,  light  pit- 
ting and  tarnishing;  32-38  in.  from  the  seaward  end  = 
light  rusting,  no  pitting  or  tarnishing;  38-1*1+  in. 
from  the  seaward  end  = moderate  rusting,  light 
pitting  and  tarnishing). 


Strand  6. 


(1)  Landward  end:  Continuous  corrosion  existed  for  the 

first  2h  in.  of  this  end  (0-8  in.  = heavy  rusting, 
light  pitting  and  tarnishing;  8-21*  in.  = moderate 
rusting,  light  pitting  and  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-l8  in.  = moderate  rusting,  light 
pitting  and  tarnishing;  18-32  in.  = light  rusting, 
no  pitting  or  tarnishing). 


(3)  Midsection:  Corrosion  was  absent  from 

with  the  exception  of  two  areas  ( i*2— U8 
landward  end  = moderate  rusting,  light 
tarnishing;  3 6-1*1*  in.  from  the  seaward 
rusting,  no  pitting  or  tarnishing). 


this  section 
in.  fr  m the 
pitting  and 
end  = light 


31* 


s 


dtrand  7. 


(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-3  in.  = heavy  rusting,  pitting,  and 
uarnishing;  3-2h  in.  = moderate  rusting,  pitting, 
and  tarnishing;  2^-32  in.  = light  rusting,  moderate 
pitting  and  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-12  in.  = light  rusting,  moderate 
pitting  and  tarnishing;  12-32  in.  = moderate  rusting, 
pitting,  and  tarnishing). 

(3)  Midsection:  The  entire  midsection  was  moderately 

rusted,  and  the  rest  of  the  strand  had  moderate  pit- 
ting and  tarnishing. 

h.  Strand  8. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-10  in.  = heavy  rusting,  pitting,  and 
tarnishing;  10-2U  in.  = moderate  rusting,  pitting, 
and  tarnishing;  2U-2>2  in.  = light  rusting  and  mod- 
erate pitting  and  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting  and  moderate 
pitting  and  tarnishing). 

(3)  Midsection:  The  entire  midsection  was  lightly 

rusted  and  moderately  pitted  and  tarnished. 

On  all  the  strands  directly  inside  the  landward  end,  the  metal  was  so 
badly  rusted  that  the  steel  was  reduced  in  cross  section  by  a relatively 
significant  amount.  One  strand  was  so  reduced  that  it  broke  about  5/8  in. 
from  the  inside  face  of  the  end  anchorage  (Photo  lM . The  portions 
of  the  bar  to  which  the  grease  had  adhered  were  not  rusted,  only  tar- 
nished, but  where  the  grease  had  worn  off,  the  bars  were  pitted  and 
rusted. 


Condition  of  the 
seaward  end  anchorage 

6?.  The  round  anchorage  plate  and  the  ends  of  the  strands  were 
heavily  rusted,  both  on  the  outside  surface  and  the  edges.  The  two 
spacer  bars  were  lightly  to  moderately  rusted,  with  most  of  the  rust 
occurring  on  the  edges  of  these  plates.  The  areas  on  these  plates  that 
were  not  rusted  were  heavily  tarnished  and  exhibited  some  pitting 
(Photos  15  and  16).  The  ends  of  the  strands  that  were  outside  the  beam 
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were  n ; ft  Lj  rusted  and  heavily  tarnished.  he  itside  face  f .h< 

rectangular  anch  rage  plate  was  m ierately  rusted.  Phere  appeared  t 
. • ■ heavy  pitting  and  scarring  n the  remainder  f the  surface.  Phe 
edges  this  plate  were  als  m Ierately  rusted  ind  heavily  tarnished, 
nside,  the  face  f this  plat<  was  heavily  rusti  i In  the  vicinity  f the 
lea  through  which  the  strands  passed  ( Ph  t 17  , -m  l the  pieces  f 
strand  were  als  heavily  rusted.  On  the-  remainder  if  this  surface,  the 
steel  was  moderately  rusted  and  tarnished. 
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68.  The  as-received  condition  of  beam  15  is  shown  in  Figure 
Heavy  spalling  occurred  on  one  side  of  the  beam  only  and  mainly  at  the 
top  of  the  beam.  The  spalling  at  the  top  seaward  end  exposed  the  con- 
ventional reinforcement  caging. 

69.  The  landward  end  of  beam  15  was  pr  tected  by  an  externa  air- 
entrained  concrete  cap.  The  concrete  of  the  beam  at  this  end  had  a set- 
retarding  agent  added  to  aid  in  the  bonding  of  the  protective  car . This 
end  protection  (Figure  8c)  was  intact  and  had  not  developed  any  b nl 
cracks  at  the  time  it  was  received. 

70.  The  seaward  end  of  this  beam  was  protected  by  an  air- 
entrained  concrete  cap  that  was  bonded  to  the  main  beam  by  an  epc xy 
adhesive  between  the  beam  and  protective  cap.  As  sh  wn  in  Figure  8d, 
part  of  this  cap  broke  away  from  the  beam,  exposing  the  end  anchorage 
to  the  environment. 

71.  The  arrangement  of  the  strands  in  beam  1.5  is  the  same  as  in 
beam  13  (Figure  7). 

Condition  of  the 
landward  end  anchorage 

72.  The  outside  face  of  the  landward  er.d  anchorage  was  heavily 
rusted.  The  circular  anchorage  plate  was  covered  with  a heavy  coat  of 
finely  p-'tted  rust,  and  the  edges  of  this  plate  were  equally  pitted. 

The  rectangular  spacer  plates  were  moderately  rusted,  and  the  remainder 

f the  plate  was  heavily  pitted  and  tarnished.  The  large  rectangular 
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Landward  end  view 
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auc  h ra.-e  pi  ate  wad  i.v  derate  ly  rusted  r.  the  utside  face  and  a I 
heavily  pitted  and  tarnished.  Much  f the  :oncrete  stuck  1 thi  ate, 
bul  this  lid  nol  si  : th<  sorrosion.  Photos  18  and  19  show  how  the 
• Late  was  rusted  even  where  the  concrete  had  been  chipped  away,  rhe 
e the  . aive  bearin'  ; .ate  were  lightly  rusted  but  heavily 

arnishei,  and  the  insi  k face  f the  plate  had  aim  .;t  n rust  t.ut  war 
i i e a v i 1 y tarnished. 

r.  liti  n f the  conduit 

13.  The  landward  and  seaward  funnels  were  ipened  first.  The 
gr  at  beneath  the  landward  end  housing  appeared  sound.  There  war  a 
i tr  ai  int  f rusl  between  the  h using  and  the  pr  it  . Phe  ;r  il 
under  the  funnel  covered  the  end  f the  ■ nduit  for  approximately  ■<  in. 
Wien  the  .trout  was  removed,  this  portion  of  the  conduit  was  heavily 
rusted  with  tiny  pitting  rust  spots  (Photo  20).  Where  the  funnel  ended 
and  the  conduit  was  exposed,  the  rusting  stopped.  As  more  gr  at  was 
removed  from  beneath  this  housing,  the  rods  were  bserved  t be  i- 
erately  rusted  (Photo  21);  when  the  conduit  was  cut,  the  strands  : ■ ni  ath 
the  rusted  portion  if  the  conduit  were  also  rusted.  Samples  of  the 
grout  from  this  area  were  collected  to  be  analyzed. 

7^.  When  the  seaward  end  housing  was  opened,  it  was  noted  that 
the  grout  at  the  top  of  the  housing  was  weak  and  filled  with  air  v ids. 
There  was  a thin  layer  about  l/l6  in.  thick  that  would  break  away  from 
the  grout  beneath  it.  This  layer  was  of  poor  quality,  indicating  a high 
amount  of  water  present  at  the  time  of  set.  No  rust  was  present 
either  the  inside  surface  of  the  housing  or  the  grout.  In  contrast  to 
the  part  of  the  conduit  covered  by  the  housing  at  the  landward  end,  the 
part  covered  by  the  seaward  end  funnel  was  bright  and  lustrous,  sh  wins 
no  rust  at  all  (Photo  22). 

75-  The  grout  under  this  housing  broke  in  irregular,  elongated 
pieces.  These  pieces  were  long  and  thin  and  generally  pointed  at  the 
ends  in  contrast  to  the  pieces  from  the  landward  end,  which  were  rec- 
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tiny  pinpoint  rust  spots.  The  rust  was  concentrated  mainly  on  the 
upper  half  of  the  conduit  but  was  relatively  uniform  over  the  entire 
length.  The  only  exception  to  this  was  the  heavily  rusted  area  of  the 
conduit  under  the  landward  end  funnel. 

77.  As  the  conduit  was  opened,  it  was  noted  that  the  grout 
toward  the  seaward  end  of  the  beam  at  the  top  of  the  conduit  was 
basically  free  of  rust.  There  were  a few  tiny  spots  of  rust,  but  they 
were  spread  out.  Photo  23  shows  the  condition  of  the  grout  just  after 
the  conduit  was  opened.  This  shot  of  the  seaward  end  shows  how  the 
grout  cracked  longitudinally,  relieving  the  remaining  stress  in  the 
steel.  Photo  2h  is  a close-up  of  the  grout  in  this  area.  The  grout 
at  the  top  of  the  conduit  contained  air  voids  and  laitance,  indicating 
an  excess  of  water  when  the  grout  was  pumped  into  the  conduit.  As  the 
conduit  was  further  pried  open,  the  grout  broke  into  small  pieces  and 
the  strands  of  steel  inside  were  exposed  (Photo  25).  This  completely 
relieved  any  remaining  stresses  in  the  steel  since  the  conduit  was  now 
draped  from  end  to  end,  and  no  longer  had  the  stiffness  that  was  present 
prior  to  opening  the  conduit. 

78.  Photo  26  shows  the  grout  at  the  top  of  the  conduit  close  to 
the  landward  end  of  beam  15.  At  this  point,  the  strands  came  closer  to 
the  top  of  the  conduit  (Photo  27),  causing  the  grout  to  be  somewhat 
thinner  than  that  at  the  seaward  end.  This  thinner  grout  broke  into 
smaller  pieces  due  to  the  thinness  of  the  layer  between  the  conduit 

and  the  strands.  The  strands  in  this  area  had  light  amounts  of  rusting. 

79.  The  grout  at  the  center  of  the  beam  was  somewhat  less  dense 
than  that  at  either  end,  and  also  the  pieces  were  more  elongated  at  the 
center  than  at  the  ends;  consequently,  the  pieces  of  grout  were  weaker 
in  this  area. 

80.  At  a spot  approximately  l8  in.  from  the  seaward  end  of  the 
beam,  some  of  the  grout  around  the  strands  changed  in  appearance.  For 
about  U in.,  some  of  the  grout  appeared  to  be  covered  with  a milky  white 
powder.  The  pieces  came  from  the  bottom  of  the  conduit  beneath  one  of 
the  strands  of  steel.  Photo  28  shows  the  shape  and  appearance  of  the 
affected  grout.  The  cross  section  of  the  piece  of  grout  was  circular 
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ti  the  bottom  t.  conform  to  the  outside  of  the  conduit  and  flat  n top, 
with  an  indentation  where  the  posttensioning  rods  touched  it.  The  flat 
surface  was  smooth  and  milky  white,  and  it  appeared  that  this  piece  had 
: n i ' any  ther  gr  ut  surface.  There  were  some  smaller  pieces  of 
rrout  in  this  area  that  also  contained  traces  of  this  deposit,  but  they 
::  : n t fit  i ;ether  with  those  shown  in  the  photograph.  Chemical 
analysis  of  this  rrout  showed  the  milky  white  powder  to  be  calcium 
carbonate . 

81 . The  inside  of  the  conduit  was  very  lightly  rusted.  At  the 
seaward  end  of  the  conduit,  no  rust  spots  were  on  the  inside,  and 
the  metal  was  shiny  and  lustrous.  Between  the  seaward  end  and  the 
center,  the  only  rust  that  occurred  was  at  the  edges  of  the  spot  where 
the  calcium  carbonate  leached  from  the  fr  ut.  This  tiny  bit  f rust 
amounted  to  less  than  1 percent  of  the  surface  area.  At  the  center  f 
the  c nduit,  the  metal  was  lightly  rusted.  Tiny  spots  1 f rust  appeared 
. n the  conduit  and  in  the  joints  between  the  segments.  Ihis  rust  still 
amounted  to  less  than  1 percent  of  the  surface  area.  I ward  the 
landward  end  of  the  center,  there  was  a 5-  t • -in.- . area  in  wnich 
rust  spots  appeared  on  every  rib  and  in  every  joint.  Thes-=  rust  o:  ts 
possibly  accounted  tor  5 percent  of  the  surface  area.  I th<  Landward 
end,  the  rust  again  became  light  and  was  limited  t a few  to . 

was  true  except  for  the  area  of  the  c nduit  mier  the  ,a:.:ward 
housing  that  was  described  previously.  t was  i<  rat<  y rust  at 
1*0  percent),  with  more  of  the  rust  occurring  n the 
the  bottom. 

82.  There  seemed  to  be  relatively  m r rusl  at  th< 

than  at  any  other  place  on  the  inside  f tv  • t ; i . ’*  * t 
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appeared  in  the  j Lnts  f the  :ondui1  betwei  , il  1 < wen 

incidents  f rust  sj  ts  n the  ribs . th<  -u  l u ;at<  ; ri  ze  1 as 

light  except  for  the  moderate  area  at  the  idvt  ■ : end. 

. . wing  subparagraphs  lescribe  the  ■ nditi  n f each 
strand  in  beam  15. 
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entire  end  (0-6  in.  = moderate  rusting  and  pitting, 
heavy  tarnishing;  6— lU  in.  = heavy  rusting  and 
pitting,  moderate  tarnishing;  1^-32  in.  = light 
rusting  and  pitting,  moderate  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting  and  pitting, 
moderate  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (light  rusting  and  pitting  and  mod- 
erate tarnishing  over  the  entire  section). 


(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-l8  in.  = moderate  rusting,  pitting, 
and  tarnishing;  18-32  in.  = light  rusting  and 
pitting,  moderate  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-10  in.  = moderate  rusting,  light 
pitting  and  tarnishing;  10-32  in.  = light  rusting 
and  pitting,  moderate  tarnishing,  with  some  calcium 
carbonate  powder  on  the  strand  from  20  to  22  in.). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (light  rusting  and  pitting,  moderate 
tarnishing  over  the  entire  section). 

c_.  Strand  3. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  ( 0— 16  in.  = moderate  rusting,  light  pit- 
ting, and  moderate  tarnishing;  16-32  in.  = light 
rusting,  moderate  pitting  and  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting  and  pitting, 
moderate  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (light  rusting  and  pitting  and  mod- 
erate tarnishing  throughout  the  32  in. , with  a line 
of  rust  where  two  strands  were  in  contact  between  36 
and  39  in.  from  the  landward  end). 

d_.  Strand  L. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-8  in.  = light  rusting  and  pitting, 
moderate  tarnishing;  8-12  in.  = moderate  rusting, 
pitting,  and  tarnishing;  12-32  in.  = light  rusting 
and  pitting,  moderate  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting,  pitting,  and 
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tarnishing,  with  moderate  .amounts  of  grout  stuck  to 
the  strand  from  0 to  6 in.). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (light  rusting  and  pitting,  moderate 
tarnishing  over  the  entire  section). 

Strand  5. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-6  in.  = moderate  rusting  and  pitting, 
heavy  tarnishing;  6-l^t  in.  = heavy  rusting  and 
pitting,  moderate  tarnishing;  lU— 32  in.  = light 
rusting  and  pitting,  moderate  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting  and  pitting, 
moderate  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (light  rusting  and  pitting  and  mod- 
erate tarnishing  over  the  entire  section,  with  a 
line  of  rust  due  to  strand-to-strand  contact  from 
50  to  56  in.  from  the  landward  end). 

Strand  6. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-12  in.  = moderate  rusting,  heavy 
pitting  and  tarnishing;  12-32  in.  = light  rusting, 
moderate  pitting  and  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting  and  pitting, 
moderate  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (light  rusting  and  pitting  and  mod- 
erate tarnishing  over  the  entire  section). 

ft rand  7. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-lU  in.  = moderate  rusting  and  pitting, 
heavy  tarnishing;  1^-32  in.  = light  rusting  and 
pitting,  moderate  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting  and  pitting, 
moderate  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  ver  the 

entire  section  (light  rustinr  and  pitting  and  r.  d- 
erate  tarnishing  over  the  entire  section). 

.'trond  8, 

(l)  Landward  end:  Continu  is  • rr  si  n existed  ■ the 
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entire  end  (0-5  in.  = light  rusting,  heavy  pitting 
and  tarnishing,  with  moderate  .'amounts  ,f  gr  ut  ,-t  . _k 
to  the  strand;  5-1^  in.  = moderate  rusting  and 
pitting,  heavy  tarnishing;  1^-32  in.  = light  rusting 
and  pitting,  moderate  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting  and  pitting, 
moderate  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (light  rusting,  pitting,  and  tarnish- 
ing over  the  entire  section,  with  a line  of  rust  due 
to  steel-to-steel  contact  from  51  to  5^*  in.  from  the 
landward  end). 

Condition  of  the 
seaward  end  anchorage 

81.  The  outside  face  of  this  anchorage  was  very  heavily  rusted. 
The  round  anchor  plate  was  corroded  over  its  entire  surface  area.  The 
protective  cap  broke  off  before  the  specimen  left  the  Treat  Island 
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exposure  station,  and  the  color  of  the  concrete  that  was  left  bonded  to 
the  rusting  steel  had  changed  to  the  dark  brown  color  of  the  rust. 

85.  The  small  rectangular  plates  were  heavily  rusted  but  were 
covered  with  concrete  that  bonded  to  the  steel.  The  rusting  had 
progressed  so  far  in  some  areas  that  the  rust  flakes  were  1/32  in.  thick 
and  the  steel  below  the  flakes  was  heavily  rusted.  The  edges  of  the 
plate  were  also  heavily  rusted,  but  not  to  such  a drastic  degree.  The 
inside  face  of  the  end  anchorage  that  was  buried  in  the  concrete  was 
moderately  rusted  and  heavily  tarnished.  The  tarnished  areas  were  sound, 
and  the  rusted  areas  also  pitted  (Photos  18  and  19). 

Beam  19 


86.  The  as-received  condition  of  beam  19  is  shown  in  Figure  9. 
Concrete  had  spalled  from  only  one  edge,  exposing  the  conventional  re- 
inforcement at  two  places.  The  remaining  three  edges  did  n t have  any 
spalling  present. 

87.  The  end  anchorage  plates  on  both  ends  were  exposed  since  the 
end  protection  caps  were  both  missing  at  the  time  of  delivery  t the 
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The  landward  end  of  beam  19  had  been  pro- 
tecte s by  an  air-entraine  : concrete  mix- 
ture placed  over  the  end  or  the  beam; 
the  concrete  mixture  had  a set  retarder 
aided  to  ai  i in  the  bonding  ol‘  the  cap. 

Tin:  seaward  end  had  been  protected  by 
an  air-entrained  mixture  cast  over  the 
beam  surface,  which  had  been  sandblasted 
and  coated  with  epoxy  to  facilitate 
bonding. 

88.  The  strands  of  the  tendon  in 
beam  1 > were  arranged  in  a circular  fashion, 
cation,  the  strands  were  numbered  as  shown  in  Figure  10  (looking  from 
the  landward  end ) . 

Condition  of  the 
landward  end  anchorage 

89-  The  outside  face  of  the  landward  end  anchorage  plate  was 
directly  exposed  to  seawater  attack  and  was  very  heavily  corroded  and 
rusted.  The  metal  was  very  deeply  rusted  in  spots;  some  of  the  flakes 
of  rusted  metal  were  as  thick  as  3/16  in.  This  rusted  metal  flaked  and 
chipped  away  from  the  stronger  metal  below.  Even  below  the  unsound 
layer,  the  metal  was  coated  with  a heavy  layer  of  rust  (Photo  29).  The 
edges  of  the  plate  were  moderately  rusted,  and  the  areas  not  rusted  were 
heavily  tarnished.  The  rust  appeared  heavier  toward  the  outside  of  the 
edges  where  the  water  could  have  more  easily  penetrated.  The  rust  was 
in  patches  of  small  specks,  and  there  was  no  flaking  rust. 

90.  The  inside  of  this  end  plate  (Photo  30)  was  heavily  scarred 
and  tarnished.  The  overall  face  of  the  plate  was  only  slightly  rusted, 
but  there  were  two  patches  of  heavy  rusting.  In  this  photograph,  the 
upper  right-hand  corner  was  the  most  heavily  rusted,  and  the  lower 
left-hand  corner,  hidden  by  the  strands,  was  similarly  rusted.  The 
rusting  was  confined  to  the  edges  of  the  inside  face.  The  central 
portion  of  the  end  plate  near  the  funnel  housing  was  only  tarnished. 

The  funnel  housing  at  the  landward  end  of  the  beam  was  not  rusted  at 
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Figure  10.  Stran  I n sa- 
bering, beam  19 


For  purposes  of  identifi- 


all  , but  the  met 'll  wv  I r-  ly  tarnish-  i. 
J >nditi<  -n  >f  the  c >n  iui  t 


« . Ph<  funn<  . ising  at  the  Landward  end  was  not  rusted.  On 
tonduit  Itself,  rusting  began  al  il  in.  fron  th<  andward  face 
and  ■ ntinued  t J In,  Phi  rusting  was  heavy  fr  m ' t < in,  and 
. i jhl  fr  :•  M in.  Phe  midsect  ion  of  the  conduit  :ontaim  1 small 
f *ust  at  i9,  42,  45,  47,  50,  and  6 1 in.  from  the  landward 
end  f thi  t am.  Phese  pat  :hes  were  moderate  in  severity.  The  rusting 
on  the  seaward  end  was  light  throughout  the  area,  with  the  heaviest 
rusting  (20  percent)  at  22  in.  from  the  seaward  end  (Figure  11). 


Figure  li.  Heavy  rusting  on  conduit  of  beam  19 

92.  The  conduit  of  beam  19  was  composed  of  three  sections — the 
landward  and  seaward  end  sections  and  a midsection  that  was  larger  in 
diameter  than  either  end  section  and  fits  over  the  ends  of  each  section 
(Figure  12).  The  seaward  end  funnel  housing  was  removed  first  to  reveal 


Figure  12.  Profile  of  beam  19  showing  the  three 
sections  of  conduit 

that  the  grout  beneath  was  covered  with  a light  coating  of  pinpoint  rust 
specks.  Also  present  were  spots  of  rust  that  covered  less  than  30 
I percent  of  the  surface  (Photo  31 )■  The  conduit  beneath  this  housing 

i was  moderately  rusted,  but  compared  to  the  conduit  next  to  it  that  was 

not  beneath  the  funnel  housing,  it  was  more  heavily  rusted.  This  indi- 
cates that  the  heavy  rusting  of  the  metal  beneath  the  funnel  was  caused 
by  some  characteristic  of  the  grout  mixture  that  was  not  common  to  the 
concrete  of  the  beam.  This  also  appears  to  be  true  of  the  landward  end 
of  beam  9 (see  paragraph  52). 
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93.  The  ^rout,  beneath  the  conduit  at  the  seaward  end  was  heavily 
rust-stained  when  the  conduil  wa;  pried  back  (Photo  32).  As  the  conduit 
was  opened  closer  to  the  center  oT  the  beam,  the  residual  stress  in 

the  steel  caused  the  gr >ut  t :rack.  Phe  gr >ut  cracked  into  small 
pieces  approximately  ...  in,  long  by  1/2-3 A in.  wide  by  1/2  in.  dee] 
down  to  the  level  of  the  steel  strands.  As  shown  in  Photo  32,  the 
strands  exposed  at  this  time  were  moderately  rusted.  All  along  the 
inside  face  of  the  conduit  where  the  grout  was  rust-stained,  the  conduit 
was  heavily  rusted.  This  section  of  the  conduit  was  cut  at  Lhe  bottom; 
the  top  was  only  mildly  rusted  on  the  inside. 

94.  Next,  the  large  central  section  of  the  conduit  was  cut  on  the 
topside  of  the  beam.  Immediately  below  the  conduit  for  the  full  length 
of  this  section,  the  conduit  was  mildly  rusted  and  the  grout  lightly 
rust-stained,  particularly  in  the  joints  of  the  conduit.  The  grout  in 
this  section  of  the  conduit  cracked  as  it  did  in  the  other  sections, 

but  due  to  the  larger  diameter  of  the  conduit  in  this  area,  the  pieces 
were  larger,  averaging  1-1/2  in.  long  by  1-1/2  in.  wide  by  3A  in.  deep. 
The  rust  in  this  area  was  much  milder  than  that  at  the  seaward  end,  and 
it  did  not  seem  to  have  penetrated  down  to  the  steel.  However,  there 
were  some  small,  light  rust  spots  on  the  steel  strands. 

9?.  The  pieces  of  grout  from  this  section  showed  only  a small 
j bit  of  pitting-type  rust  between  the  steel  and  the  grout.  A few 

pieces  of  the  grout  at  the  grout-conduit  interface  indicated  where 
■ air  bubbles  had  been  trapped  beneath  the  conduit  during  the  grout 

pumping  operation  (Photo  33). 

96.  At  the  landward  end  of  this  midsection  where  the  two  sections 
I of  conduit  overlapped,  there  was  a thin  layer  of  grout  between  the  two 

layers  of  metal  conduit.  This  grout  was  very  thin  and  broke  into  very 
small  pieces.  The  grout,  as  well  as  the  inside  of  the  larger  piece  and 
the  outside  of  the  smaller  piece  of  the  conduit,  was  heavily  corroded. 

| 97*  The  steel  strands  in  this  central  section  were  found  to  be 

I closer  to  the  top  of  the  conduit  than  to  the  bottom;  that  is,  the 

center  line  of  the  strand  group  was  above  the  center  line  of  the  con- 
duit, thereby  effecting  a closer  proximity  of  the  steel  to  the  top  of 
the  conduit  than  to  the  bottom. 
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98.  Observation  of  the  grout  'n  this  area  showed  two  different 
points  of  interest.  First,  where  the  air  was  trapped  between  the  grout 
and  the  conduit,  the  grout  was  bubbly  and  weak,  with  voids  between  the 
grout  and  the  conduit.  Also,  around  these  voids  the  grout  appeared 
whitish.  The  second  observation  was  related  to  the  voids  between  the 
grout  and  the  posttensioning  steel.  The  grout  at  these  spots  also 
appeared  white.  The  steel  strands  in  beam  19  were  arranged  in  z Di- 
centric circles  at  the  seaward  end  (eight  strands  circling  four  strands., 
but  by  the  time  this  configuration  reached  the  middle  of  the  beam,  the 
strands  were  bundled  in  no  specific  formation  and  touched  each  other, 
thus  prohibiting  the  grout  from  getting  between  then.  Also,  as  men- 
tioned in  paragraph  97.  the  strands  were  closer  to  the  top  than  to  the 
bottom  of  the  conduit. 

99-  When  the  landward  end  of  the  conduit  was  opened,  the  steel 
was  so  close  to  the  top  of  the  conduit  that  at  certain  places  there 
was  barely  1/32  in.  of  grout  cover.  Some  of  the  areas  of  the  top 
strands  were  rusted  because  there  was  no  cover  at  all.  The  grout  broke 
into  small  pieces  at  the  top  of  the  conduit  where  the  cover  was 
extremely  thin  and  larger  pieces  at  the  bottom  where  it  was  thick. 

100.  Photo  3*+  shows  the  rust  stains  on  the  grout  inside  the  land- 
ward end  funnel.  These  stains  matched  the  rust  on  the  inside  of  the 

housing  (Photo  35).  The  grout  was  rust-stained  over  about  1*0  percent  1 

of  the  surface  and  had  a good  dense  appearance.  When  the  grout  was 

chipped  away,  the  steel  strands  below  it  were  lightly  to  moderately 

rusted  with  light  pitting  and  small  spots  of  heavy  rusting  appearing 

on  the  strands  near  the  landward  end  of  the  housing  (Photo  36). 

101.  All  the  grout  was  then  removed  from  the  strands.  The  first 
general  observations  were  that  the  strands  were  lightly  to  moderately 
rusted.  The  worst  area  of  corrosion  existed  about  3 ft  from  the  land- 
ward end  on  strands  1,  4,  6,  and  7-  These  strands  were  at  the  top  of 
the  conduit  and  poorly  protected  by  grout.  The  following  subparagraphs 
describe  the  condition  of  each  of  the  strands  in  beam  19- 

a.  strand  1 . 

(l)  Landward  end:  Continuous  corrosion  existed  over 
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the  entire  end  (0-10  in.  = light  rusting,  moderate 
pitting  and  tarnishing;  10-21*  in.  = moderate  rust- 
ing, light  pitting,  and  moderate  tarnishing; 

24-32  in.  = heavy  rusting,  moderate  pitting  and 
tarnishing) . 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-24  in.  = light  rusting,  moderate 
pitting  and  tarnishing;  24-32  in.  = light  rusti-.g, 
moderate  pitting  and  tarnishing,  with  a thin  line 
of  rust  at  this  end  where  two  strands  had  rusted 
together ) . 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  132-64  in.  from  the  landward  end  = 
light  rusting,  Moderate  pitting  and  tarnishing). 

b_.  Strand  2. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-10  in.  = light  rusting,  moderate 
pitting,  light  tarnishing;  10-32  in.  = moderate 
rusting  and  pitting,  heavy  tarnishinr,  with  two 
strips  of  rust  from  18  to  30  in.  where  adjacent 
strands  had  rusted  together). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting,  moderate 
pitting  and  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-64  in.  from  landward  end  = 
light  rusting  and  pitting,  moderate  tarnishing). 

c_.  Strand  j. 

(1)  Landward  end:  Continuous  corrosion  existed  ^ver  the 

entire  end  (0-8  in.  = light  rusting,  moderate  pit- 
ting and  tarnishing;  8-32  in.  = moderate  rusting, 
pitting,  and  tarnishing,  with  a line  of  rust  from 

11  to  25  in.  where  twu  strands  had  rusted  together). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting,  moderate  pit- 
ting and  tarnishing,  with  a small  line  of  rust  at 
22  in.  whore  two  strands  had  rusted  together). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-64  in.  from  the  landward  end  = 
light  rusting  and  pitting,  moderate  tarnishing). 

d . Strand  4. 

(l)  Landward  end:  Continuous  corrosion  existed  aver 

the  entire  end  (0-8  in.  = light  rusting  and  pitt ing, 
moderate  tarnishing;  8-12  in.  = moderate  rusting. 
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pit’  ing,  and  tarnishing;  in.  = 

and  pitting,  mi  ierate  tur.iishing ) . 

Seaward  end:  Continuous  corr  Lon  ex  /er 

entire  end  - in.  = Light  rustin 
n lerat<  tarnishing;  ■ in.  = Light  rusting  and 
pitting,  moderate  tarnishing,  with  h< avy  strij 
rust  where  two  strands  had  rusted  1 gether  . 

(3)  Midsection:  Continuous  corrosion  exir.te:  ver 

entire  section  ( 32— 6h  in.  from  the  landward  end  = 
light  rusting  and  pitting,  moderate  tarnishing, 
with  a strip  of  rust  over  the  entire  section  where- 
two  strands  had  come  in  contact  and  rusted  . 

e_.  Strand  5- 

(1)  Landward  end:  Continuous  corrosion  existed  ver 

entire  end  (0-32  in.  = light  rusting  and  pitting, 
moderate  tarnishing).  This  end  had  heavier  rust 
than  did  the  midsection  or  seaward  end. 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting  and  pitting, 
moderate  tarnishing;  12-22  in.  = a line  of  rust 
where  two  strands  had  rusted  together). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  ( 32-61  in.  from  the  landward  end  = 
light  rusting  and  pitting,  moderate  tarnishing). 

_f . Strand  6. 

(1)  Landward  end:  Continuous  corrosion  existed  over 

this  end  ( 0-2h  in.  = light  rusting  and  pitting, 
moderate  tarnishing;  21-32  in.  = moderate  rusting, 
light  pitting,  moderate  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-8  in.  = light  rusting,  moderate  pit- 
ting and  tarnishing  with  moderate  amounts  of  cal- 
cium carbonate;  8- 2l  in.  = light  rusting  and 
pitting,  moderate  tarnishing;  21-32  in.  = moderate 
rusting,  light  pitting,  moderate  tarnishing,  with 

a strip  of  rust  from  30  to  32  in.  due  to  contac'-. 
between  two  strands). 

(3)  Midsection:  Continuous  corrosion  existed  >ver  the 

entire  section  ( 32-61*  in.  from  the  landward  end  = 
moderate  rusting,  light  pitting,  moderate  tarnish- 
ing). Over  the  entire  section,  most  the  rust 
was  due  to  two  strips  of  rust  where  adjacent 
strands  had  rusted  to  strand  6. 

£.  .’-.rani  ,. 

(l)  Landward  end:  Continuous  corrosion  existed  over 
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the  atire  . = Light  rusting,  i ler  t< 

pitting.  Light  tarnishing;  . -3  i . = m lerate 
■ ting,  Li  ;ht  pitting  . nd  1 1 rn Lshin  ■ isti 

was  heav  Lest  wh<  :r<  the  st  ran  i was  v<  rj  t th< 

conduit . 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire-  end  (0-32  in.  = light  rusting,  m ierate 
pitting  and  tarnishing,  with  a strip  of  rust  frorr: 

12  to  28  in.  where  two  strands  had  rusted  t >gether). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  ( 32— 6U  in.  from  the  landward  end  = 
moderate  rusting,  light  pitting  and  tarnishing, 
with  moderate  amounts  of  grout  stuck  to  the  strand 
from  59  to  6h  in. ) . 

h.  Strand  3. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting  and  pitting, 
moderate  tarnishing,  with  two  lines  of  rust  from 

13  to  16  and  from  25  to  30  in.  where  the  strand 
touched  the  conduit  and  another  strand,  respectively). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting  and  pitting, 
moderate  tarnishing,  with  two  small,  heavily  rusted 
spots  close  to  the  end). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  ( 32-61*  in.  from  the  landward  end  = 
light  rusting  and  pitting,  moderate  tarnishing). 

i_.  Strand  9. 

(1)  Landward  end:  Continuous  corrosion  existed  over 

the  entire  end  (0-15  in.  = light  rusting,  pitting 
and  tarnishing,  with  heavy  rust  spots  at  3 arid 

6 in.;  15-32  in.  = light  rusting,. and  moderate 
pitting  and  tarnishing,  with  a strip  of  rust  due  tc 
two  strands  rusting  together). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-S  in.  = node rate  rusting,  light  Ltting, 
m Lerate  tarnishing;  8-32  in.  = light  rusting  and 
pitting,  moderate  tarnishing,  with  a line  of  rust 
from  18  to  22  in.  due  to  contact  between  two  strands). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-6^  in.  from  the  landward  end  = 
light  rusting  and  pitting,  n ierate  tarnishing,  wit 

. ‘.tie  of  rust  from  5^  to  61  in.  where  tw  si  ran  1 
had  rusted  together). 
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(1)  Landwar.i  end:  Continuous  • e'r  -sion  existed  .ver  the 

entire  end  (0-8  in.  = moderate  rust ing,  Light 
pitting,  m lerate  t arn Lshing;  - . In.  = Light 
rusting  and  pitting,  m ierate  tarnishing;  1 - ■ i . 

= m : rat<  rusl  Lag,  Lighl  ; Ltl  Lng,  m Lerat<  tarnish- 
ing . Phe  rusting  in  this  area  was  mainly  Lue  t 
the  pr  ximity  of  the  strand  t th<  • nduit. 

(2)  Seaward  end:  Continuous  corrosion  existed  >ver  the 

entire  end  in.  = moderate  rusting,  light  pit- 

ting, moderate  tarnishing;  2U-32  in.  = Light  rusting 
and  pitting,  moderate  tarnishing,  with  a strip  f 
rust  from  » t $2  in.  where  two  strands  had  rusted 
together) . 

Mi  Lseel  i in:  Continuous  corrosion  existed  over  the 

entire  midsection  (32-61  in.  from  the  landward  end 
= moderate  rusting,  light  pitting,  moderate  tarnish- 
ing, with  the  rusting  between  32  and  60  in.  mainly 
due  to  two  strands  rusting  together). 

k . St ran:  II. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-l8  in.  = light  rusting  and  pitting, 
moderate  tarnishing;  18-32  in.  = light  rusl  Lng, 
moderate  pitting  and  tarnishing  . 

(2)  Seaward  end:  Continuous  corrosion  existed  aver  the 

entire  end  (0-l8  in.  = light  rusting  and  pitting, 
moderate  tarnishing;  18-32  in.  = moderate  rusting, 
light  pitting,  moderate  tarnishing,  with  the  ru:  ting 
in  the  area  between  18-32  in.  due  to  two  strands 
rusting  together). 

• ) Midsection:  Continuous  corrosion  existed  v<  r the 

entire  section  ( 32-60  in.  from  the  landward  end  = 
light  rusting,  pitting,  and  tarnishing;  60-6U  in. 
from  the  landward  end  = heavy  rusting,  ligh4.  pitting 
and  tarnishing). 

i_.  Strand  12. 

(l)  Landward  end:  Continuous  corrosion  existed  ver  the 

entire  end  (0-32  in.  = light  rusting  and  pitting, 
moderate  tarnishing). 

( ) Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-8  in.  = moderate  rusting,  light  pit- 
ting, moderate  tarnishing;  8-32  in.  = light  rusting 
and  pitting,  moderate  tarnishing,  with  rust  from 
19  to  32  in.  due  to  two  strands  rusting  together  . 

(3)  Midsection:  Continuous  corrosion  existed  over  th< 
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ntire  >ecti  -•  t In,  from  th<  Landward  end  * 

ILi'ht  rusting  and  j.itt  in.-',  lerate  tarnishing ) . 

Condition  of  the 

-•••nwa>‘  : : an  ' 

rhe  itside  face  f th<  seaward  anch  rag<  - very  heavilj 
rusted  as  was  the  Landward  end.  B th  f thes<  faces  had  been  lirectly 
subjected  to  seawater  attack  from  the  time  their  pr  t<  :tiv<  :aps  had 
■ me  se  and  i<  tached.  Similar  to  that  on  the  landward  end,  the  cor- 

r si  >n  was  ieej  n this  face,  nearly  1/8  in.  deep  in  places,  rhe 

stronger  metal  below  the  corroded  flakes  was  also  heavily  rusted.  This 
end  did  not  contain  a tightening  collar  as  the  landward  end  did,  but 
the  strand  ends  were  just  as  heavily  rusted  (Photo  37). 

103.  The  edges  of  the  plate  were  moderately  rusted  on  three  edges, 
and  the  fourth  edge  was  heavily  rusted.  There  was  corrosion  on  the  full 
depth  of  the  heavily  rusted  edge,  but  the  other  edges  were  heavily  rusted 
only  on  the  outer  halves.  The  inside  halves  were  just  heavily  tarnished. 

107.  The  inside  face  of  the  plate  was  not  rusted  at  all.  The 

metal  surface  was  heavily  tarnished,  as  were  the  edges,  with  some  mod- 
erate pitting  of  the  metal  but  no  rust  (Photo  38). 
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'."HE  SECOND  LABORATORY  INVESTIGATION 


Phe  beams  ii  this  investigation  (l,  6,  and  11 ) were  w rapp<  i 
in  a waterproof,  bituminous  membrane  at  Treat  Island  prior  to  shipment 
to  the  WES.  This  was  done  to  determine  whether  drying  during  trans- 
portation and  laboratory  storage  had  affected  the  results  of  corrosion 
found  in  the  first  laboratory  investigation. 

L0<  . When  the  membrane  covering  the  beams  was  opened  subsequent 
to  return,  it  was  observed  that  the  surface  of  the  concrete  was  still 
moist  with  seawater.  The  entire  beam  surface  was  damp,  and  in  j :k<  • . 
Where  moisture  could  form  were  small  pools  of  seawater.  The  pools  of 
water  around  the  conventional  reinforcement  were  full  of  rust  particles 
and  had  turned  the  rusty  brown  color  of  the  metal  (Photos  39  and  40). 


Beam  1 

107.  The  as-received  condition  of  beam  . after  the  bituminous 
membrane  had  been  removed  is  shown  in  Figure  13.  Some  of  the  concrete 
had  spalled  from  the  top  edges  of  the  beam  exposing  the  conventional 
reinforcement  at  the  seaward  end  on  one  side  (Figure  13b)  and  along  most 
of  the  top  edge  on  the  other  (Figure  13a).  Both  end  protective  caps 
were  still  intact  and  did  not  show  excessive  wear. 

108.  The  landward  end  of  this  beam  was  protected  by  an  air- 
entrained  concrete  cap  bonded  to  a cold  joint  with  no  surface  treatment. 
This  end  had  a flush-type  anchorage.  The  seaward  end  had  an  external- 
type  anchorage  protected  by  an  air-entrained  cap  bonded  to  the  beam  by 
using  a retarding  agent. 

109.  The  strands  of  the  tendon  in  this  beam  were  arranged  in  a 
circular  fashion.  For  purposes  of  identification,  the  strands  were 
numbered  as  shown  in  Figure  l4  (looking  from  the  landward  end). 

Condition  of  the 
landward  end  anchorage 

110.  The  1-1/4-in.  length  of  each  strand  that  protruded  from  * hi 
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f the  anch  ..  Lther  heavil;  rusted  p tarn]  lecu  : xar 
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two  other  beams  that  had  this  type  posttensioning  and  were  evaluated 
under  this  program  (beams  3 and  6)  did  not  have  this  epoxy  in  the 


. rtar  the  end  anch  r.  ne  -f  the  >bservati  ns  made  when  this  end 
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Figure  lU.  Landward  end 
anchorage,  beam  1 


BOTTOM 


oated  the  strands.  All  the  strands  were  heavily  corroded,  and  using 
he  nomemclature  in  Figure  14,  the  steel  strands  were  corroded  as 
'allows : 


Strand 


Condition 


Heavily  rusted 
Heavily  rusted 
Heavily  rusted 
Covered  with  epoxy 

Partially  covered  with  epoxy  and  heavily  tarnished 
Partially  covered  with  epoxy  and  heavily  tarnished 
Covered  with  epoxy  except  at  base  where  it  was 
heavily  rusted 

Partially  covered  with  epoxy  and  lightly  rusted 
Partially  covered  with  epoxy  and  lightly  rusted 
Covered  with  epoxy 
Covered  with  epoxy 

Fartially  covered  with  epoxy  and  lightly  rusted 


111.  After  the  conditions  described  in  paragraph  110  were  re- 
corded, the  epoxy  was  broken  from  the  strands  exposing  heavily  rusted 
strands.  Thus,  the  epoxy  that  had  coated  the  strands  did  not  retard 


the  corrosion  process. 

112.  The  coil  of  wire  around  the  end  anchor  was  relatively 
of  rust,  with  less  than  1 percent  of  the  surface  area  rusted.  The 


corrosion  that  did  exist  was  mostly  light  rusting  on  the  first  and  sec- 
ond turns  of  wire.  The  rest  of  the  turns  were  covered  with  tarnish.  Be- 
low the  coils  of  wire  the  strands  of  posttensioning  steel  were  all 
moderately  to  heavily  rusted,  especially  where  there  was  strand  contact 
with  the  coils  of  wire  used  as  part  of  the  anchorage. 

Condition  of  the  conduit 

113.  In  the  first  17  in.  from  the  landward  end  of  the  beam,  the 
conduit  was  free  of  rust.  The  only  exception  occurred  just  inside  the 
landward  end  anchorage  where  the  conduit  met  the  end  anchorage.  This 
condition  was  similar  to  that  in  beam  6 shown  in  Photo  1*1 . Where  the 
two  dissimilar  metals  came  in  contact,  the  rust  was  from  light  to  mod- 
erate and  covered  about  1 in.  around  the  joint.  From  17  to  23  in.,  the 
bottom  half  of  the  conduit  was  covered  with  heavy  amounts  of  rust,  with 
the  top  half  moderately  rusted  from  18  to  19  and  from  20  to  22  in.  The 
midsection  of  the  conduit  was  not  rusted,  but  the  luster  of  the  metal 
had  been  dulled  appreciably.  From  the  seaward  end,  the  conduit  was  also 
heavily  dulled  out  to  18  in.  but  not  rusted.  From  18  to  1*2  in.  from 
the  seaward  end,  there  were  moderate  amounts  of  rust  on  the  conduit. 

111*.  As  found  previously  (see  paragraph  1*0),  in  the  areas  where 


the  conduit  was  dulled  there  was  a covering  of  hardened  paste  from  the 
concrete,  and  the  conduit  was  not  rusted.  Where  the  conduit  was  still 
lustrous,  there  was  no  covering  of  hardened  paste  and  the  lustrous  areas 
contained  rust,  generally  light  to  moderate  in  severity.  It  appears 
that  where  the  conduit  was  dulled,  a bond  existed  between  the  paste  and 
the  conduit.  Since  the  bond  was  good  here,  either  less  rust  developed 
or  the  layer  of  paste  covered  the  rust.  Where  the  conduit  was  lustrous, 
there  appeared  to  be  no  bond  between  the  paste  and  conduit.  This  lack 
of  bond  allowed  the  conduit  to  be  rusted. 

115.  Along  the  entire  length  of  the  conduit  on  the  inside,  the 
top  halt  was  free  of  rust;  however,  this  top  half  was  tarnished  heavily. 
The  bottom  half  of  the  inside  was  rusted  to  a moderate  degree.  This 
rusted  area  was  defined  by  a change  in  color  of  the  tarnished  portion 
of  the  conduit.  On  the  bottom  half  the  tarnishing  was  a Lighter  color 
than  that  on  the  top  half,  and  the  demarcation  line  between  areas  was 
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sharp  and  definite.  The  rus’ing  on  the  bottom  half  was  light  to  moder- 
ate over  the  entire  length  of  the  conduit,  being  heavier  in  the  middle 
than  at  the  ends  and  also  heavier  in  the  joints  between  segments  of  the 
conduit  than  on  the  ridges  of  the  conduit.  Between  15  and  23  in.  from 
the  landward  end,  there  was  a strip  of  heavy  rusting  where  a steel  strand 
had  come  in  contact  with  the  inside  of  the  conduit  and  rusted.  This 
condition  existed  again  from  35  to  1+1  in.  from  the  landward  end. 

116.  The  following  subparagraphs  describe  the  condition  of  the 
strands  of  beam  1. 

a..  Strand  1. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = moderate  rusting,  heavy  pit- 
ting and  tarnishing,  with  a strip  of  heavy  rust  from 
ll+  to  19  in.  due  to  contact  rusting  between  bars). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-12  in.  = light  rusting,  moderate  pit- 
ting and  tarnishing;  12-32  in.  = moderate  rusting, 
pitting,  and  tarnishing,  with  two  strips  of  heavy 
rusting  due  to  strand  contact,  one  from  28  to  32  in. 
from  the  landward  end  and  the  other  the  entire 
length  of  the  end). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-1+8  in.  from  the  landward  end  = 
light  rusting,  heavy  pitting  and  tarnishing;  32-1+8 
in.  from  the  seaward  end  = moderate  rusting,  heavy 
pitting  and  tarnishing,  with  one  strip  of  contact 
rusting  from  38  to  1+8  in.  from  the  landward  end;  and 
over  the  entire  section  the  amount  of  grout  that 
stuck  to  the  strand  was  heavy). 

b_.  Strand  2. 

(1)  Landward  end:  Continuous  corrosion  existed  over 

entire  end  (0-32  in.  = moderate  rusting,  heavy 
pitting  and  tarnishing,  with  two  strips  of  heavy 
contact  rusting,  one  from  12  to  18  and  the  other 
from  10  to  19  in. ) . 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting,  moderate 
pitting,  and  heavy  tarnishing,  with  a strip  of  con- 
tact rusting  running  the  entire  length  of  this  sec- 
tion, heaviest  from  28  to  32  in.  from  the  end). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-1+0  in.  from  the  landward  end  = 
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mi  derate  rusting,  heavy  pitting  and  tarnishing; 

• -1*9  In.  fr  m the  Landward  end  - heavy  rusting,  j Lt- 

• : , and  tarnishing;  32-1*7  in.  from  the  seawari  end 
= moderate  rusting,  heavy  pitting  and  tarnishing, 
with  two  heavy  strips  of  contact  rusting,  one  from 
32  to  1*8  in.  from  the  seaward  end  and  the  other  from 
32  to  59  in.  from  the  seaward  end). 


e.  Strand  3. 


(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-9  in.  = moderate  rusting,  heavy  pitting 
and  tarnishing;  9-25  in.  = heavy  rusting,  pitting, 
and  tarnishing;  25-32  in.  = moderate  rusting,  heavy 
pitting  and  tarnishing,  with  a strip  of  heavy  rusting 
due  to  bar-to-bar  contact  from  15  to  32  in.). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-12  in.  = light  rusting,  heavy  pitting 
and  tarnishing;  12-32  in.  = moderate  rusting,  heavy 
pitting  and  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (moderate  rusting,  heavy  pitting 

and  tarnishing  over  the  entire  section,  with  a strip 
of  heavy  rust  from  32  to  60  in.  from  the  seaward  end). 

Strand  4 . 


(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = moderate  rusting,  heavy  pit- 
ting and  tarnishing,  with  two  strips  of  contact 
rust , one  from  9 to  32  and  the  other  from  17  to 

32  in.). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-9  in.  = light  rusting,  heavy  pitting 
and  tarnishing;  9-32  in.  = moderate  rusting,  heavy 
pitting  and  tarnishing,  with  two  strips  of  heavy 
rust , one  from  11  to  32  and  the  other  from  28  to  32 
in.  from  the  end). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  ( 32-6U  in.  from  the  landward  end  = 
moderate  rusting  and  pitting,  heavy  tarnishing, 
with  two  strips  of  heavy  contact  rusting,  one  ex- 
tending over  the  full  section  and  the  other  from 
32  to  60  in.  from  the  seaward  end). 

e . Strand  5- 


(l)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = moderate  rusting,  heavy 
pitting  and  tarnishing,  with  one  strip  of  heavy  rust 
due  t ■ contact  between  bars  extending  the  full 
length  of  this  end). 
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(2)  Seaward  end:  1 ' >ntinu  us  c >rr  si  >n  existed  ver  the 

entire  end  (0-32  in.  = moderate  rusting,  heavy  pit- 
ting and  tarnishing,  wi  + h a strip  of  heavy  rust  due 
to  contact  between  bars  extending  the  full  length 
of  this  end). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-61*  in.  from  the  landward  end  = 
moderate  rusting,  heavy  pitting,  moderate  tarnishin-, 
with  one  strip  of  heavy  rust  extending  the  full 
length  of  the  section  and  another  from  37  to  1*2  in. 
from  the  landward  end). 

_f . Strand  6. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = moderate  rusting,  heavy 
pitting  and  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-12  in.  = moderate  rusting  and  pitting, 
heavy  tarnishing;  12-20  in.  = moderate  rusting,  light 
pitting,  moderate  tarnishing;  20-32  in.  = moderate 
rusting,  heavy  pitting  and  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  ( 32-U0  in.  from  the  landward  end  = 
moderate  rusting,  heavy  pitting  and  tarnishing; 

1*0-53  in.  f rom  the  landward  end  = moderate  rusting, 
pitting,  and  tarnishing;  32-1*3  in.  from  the  seaward 
end  = moderate  rusting  and  pitting,  heavy  tarnish- 
ing; and  over  the  entire  midsection,  various  small 
strips  of  heavy  rust  due  to  bar-to-bar  contact). 

ft  rand  . 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (O-lU  in.  = light  rusting,  heavy  pitting 
and  tarnishing;  ll*-32  in.  = moderate  rusting,  heavy 
pitting  and  tarnishing,  with  a strip  of  heavy  rust 
from  15  to  19  in.  due  to  contact  rusting  of  tw 

bars ) . 

(2)  Seaward  end:  Continuous  corrosion  existed  ver  the 

entire  end  (0-32  in.  = light  rusting,  moderate 
pitting  and  tarnishing,  with  a moderate  strip  >f 
contact  rust  from  6 to  10  in.). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-1*5  in.  from  the  landward  end  = 
moderate  rusting  and  pitting,  heavy  tarnishin.-; 

32-51  in.  from  the  seaward  end  = moderate  rusting, 
pitting,  and  tarnishing;  and  a strip  f bar-t  -bar 
contact  rust  extending  over  the  entire  section). 
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(1)  Landward  end:  Continuous  c rr  n existed  v<  r the 

entire  end  (0-32  in.  = moderate  misting  and  pitting, 
heavy  tarnishing,  with  a strip  of  contact  rust  from 
26  to  32  in.  from  the  end). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (O-ll  in.  = light  rusting,  moderate 
pitting  and  tarnishing;  1*4-32  in.  = moderate  rust- 
ing, pitting,  and  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (moderate  rusting  and  pitting,  and 
heavy  tarnishing  over  the  entire  section,  with  a 
strip  of  heavy  contact  rusting  over  the  whole 
length  of  this  section). 

_i . Strand  9- 

(1)  Landward  end:  Continuous  corrosion  existed  over 

the  entire  end  (0-32  in.  = moderate  rusting  and 
pitting  and  heavy  tarnishing,  with  a strip  of 
contact  rusting  extending  from  10  to  32  in.). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = light  rusting,  heavy  pitting 
and  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-1+2  in.  from  the  landward  end  = 
moderate  rusting,  heavy  pitting,  moderate  tarnish- 
ing; 32-5*+  in.  from  the  seaward  end  = moderate 
rusting,  pitting,  and  tarnishing;  and  a strip  of 
heavy  rusting  over  the  entire  section  from  contact 
rusting) . 

j_.  Strand  10. 

(1)  Landward  end:  Continuous  corrosion  existed  over 

the  entire  end  (0-32  in.  = moderate  rusting, 
pitting,  and  tarnishing,  with  a strip  of  heavy  rust 
appearing  from  10  to  21  in.  and  again  from  27  to 

32  in.  due  to  bar-to-bar  contact). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = moderate  rusting,  heavy 
pitting  and  tarnishing,  with  heavy  rust  marks  on  the 
strand  from  6 to  10  in.  from  the  end,  indicating 
the  presence  of  strand-to-conduit  contact  rusting; 
and  a strip  of  moderate  bar-to-har  contact  rusting 
over  the  entire  end). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-1+0  in.  from  the  landward  end  = 
moderate  rusting  and  pitting,  heavy  tarnishing; 
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ana  two  strips  of  heavy  contact  rust,  one  fr  i t 
in.  from  the  seaward  end  and  the  other  over  the 
entire  length  of  the  section). 

.'traiui  JI-. 

(1)  Landward  end:  Continuous  corrosion  existed  ver  th< 

entire  end  ( 0—1 U in.  = heavy  rusting,  pitting,  0:1: 
tarnishing,  with  a strip  of  heavy  contact  rusting 
from  6 t 7 in.;  id-22  in.  = lerate  rusting  and 
pitting  and  heavy  tarnishing;  22-1,'  in.  = moderate 
rusting,  light  pitting,  and  moderate  tarnishing). 

(2)  Seaward  end:  Continuous  corrosion  existed  ver 

the  entire  end  (0  to  32  in.  = moderate  rusting, 
pitting,  and  tarnishing,  with  rust  from  6 to  10  in., 
indicating  contact  between  the  bar  and  the  conduit 
(similar  to  that  n the  midsection  discussed  in 
paragraph  I26g),  and  with  a continuous  strip  of 
heavy  contact  rust  over  the  wh  le  end  due  t bar 
contact ) . 

(3)  Midsection:  Continu  • rr  si  :.  existed  )ver  the 

entire  section  ( 32-Uo  in.  from  the  landward  end  = 
moderate  rusting,  light  pitting,  moderate  tarnish- 
ing; 32-56  in.  from  the  seaward  end  = m l< 
rusting,  pitting,  and  tarnishing;  and  a stri] 
heavy  rust  due  t > bar-to-bar  c intact  ^ver  the  en- 
tire section) . 

Ctrana  i.'. 

(1)  Landward  end:  ' ntinuous  corrosion  existed  over 

the  entire  end  ( 0— in.  = moderate  rusting  and 
pitting,  heavy  tarnishing;  id-32  in.  = heavy  rust- 
ing, moderate  pitting,  heavy  tarnishing,  with  a 
stri]  f heavy  contact  rust  from  IS  to  ! in.). 

(2)  Seaward  end:  ' >ntinu  is  • rr  .1  n existed  r 

entire  end  (0-11  in.  = moderate  rusting,  pitting, 
an  : tarnishing;  11-32  in.  = moderate  rusting,  heavy 
pitting  and  tarnishing,  with  a strip  f heavy 
contact  rust  from  12  to  32  in.  from  the  end). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  ( 32-d8  in.  from  the  landward  end  = 
moderate  rusting  and  pitting,  heavy  tarnishin-; 

32-d8  in.  from  the  seaward  end  = moderate  rusting, 
pitting,  and  tarnishing;  and  two  spots  of  heavy 
bar-to-bar  contact  rust  in  this  section,  one  from 
dO  to  dl  and  the  other  from  50  to  51  in.  from  the 
landward  end ) . 
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hi s end  anch  rage  a . s ha  l ep  xy  ' hat  t < . fr  m the 
rtar  ; imped  between  the  coils  >f  the  anchorage,  and  as  at  the  andward 
end,  the  L-l  • in.  f trand  n the  itside  the  anch  rage  was  heavily 
rusted,  even  beneat  the  e]  xy  Phot  s 42  and  43).  The  coils  f 
wire  that  surrounded  the  posttensioning  strands  were  free  rust  with 
the  exception  t'  ne  tiny  sp  t n the  first  coil  that  was  lightly  rusted, 
resl  f the  : ils  were  only  tarnished. 


Beam  6 


118.  The  as-received  conditi  in  of  beam  6 after  the  removal  of 
the  : te  ■'  i . - I ituminous  membrane  is  shown  in  Figure  15.  mj  aris  n 
the  two  sides  shows  that  spalling  occurred  only  on  one  side  at  the 
• ; edge  the  beam.  : pires  15c  and  L5d  show  the  conditions  of  the 
landward  and  seaward  end  pr  tective  caps. 

Phe  landward  end  f this  beam  wa  pr  tected  by  a plug  f 
sand-cement  mortar  over  the  end  of  the  anch  rage  of  the  beam.  This  end 
was  good  shape  with  the  exception  of  one  small  spalled  area  at  the 
t j corner.  The  sand-cement  mortar  plug  covered  a flush-type  post- 
tensioning anchorage  and  was  found  to  be  in  good  shape. 

j.  The  seaward  end  of  this  beam  was  protected  by  an  epoxy  con- 
:rete  end  :ap  with  reinf  rcement  (Figure  15d).  As  shown  in  this 
fi  jure,  the  end  cap  was  unaffected  by  exposure  to  the  marine  environment. 
There  were  no  spalled  areas,  and  the  edges  were  sharp  and  unbroken.  One 
c rner  showed  slight  crushing  caused  by  moving  the  beam. 

Condition  of  the 
landward  on  1 anch  cage 

. L.  Phe  ’ — In.  lengths  of  strand  that  extended  from  the  end 
the  anch  rage  were  completely  free  of  rust.  The  strands  were  free 
n rtar  and  heavily  tarnished  from  age  but  did  not  show  any  rusting  r 
f itting.  likewise  the  .'oils  of  steel  around  the  strands  were  unrusted. 
There  was  cement  b ruled  to  the  steel  and  the  coils  were  tarnished,  but 
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but  still  it.  was  only  Ligl  t i-usted.  In  this  section,  there  were  tw 
heavily  ■■  rr  >ded  areas  >tos  46  uni  47),  each  about  2 sq  in.,  as  well 
as  numerous  small  holes  in  the  conduit  caused  by  heavy  rusting, 
small  holes  were  basically  between  the  two  larger,  heavily  rusted  spots 
previously  described  in  this  paragraph  (between  i+1  and  1*9  in.  from  the 
seaward  end'.  In  this  area,  the  conduit  was  moderately  covered  with 
rusl  . Phe  seaward  end  was  lightly  rusted,  similar  to  the  landward  end. 
The  bond  between  the  metal  and  the  cement  was  good  since  the  conduit  was 
heavily  dulled  and  coated  with  a cement  film.  Very  little  pitting  and 
only  minute  spots  of  heavy  rusting  were  observed. 

123.  The  inside  of  this  conduit,  both  at  the  landward  and  sea- 
ward ends,  was  lightly  rusted;  rust  appeared  mainly  on  the  joints 
between  the  segments  of  the  conduit.  The  part  of  the  conduit  that  was 
not  rusted  was  lightly  to  moderately  tarnished.  S me  f the  metallic 
luster  that  was  on  the  surface  when  the  conduit  was  new  was  till 
present  (Photo  1*8)..  The  midsection  of  the  conduit  was  moderately 
rusted,  corresponding  to  the  more  heavily  rusted  midsection  the-  it- 
side  of  the  conduit.  The  rust  was  heavier  in  the  joints  and  on  the 
surface,  and  the  unrusted  surfaces  were  less  lustrous  (Photo  1*9). 

124.  Before  opening  the  conduit  to  inspect  the  strands  of  post- 
tensioning steel,  the  landward  and  seaward  ends  of  the  tendons  were  cut 
from  the  conduit  to  expose  the  steel  and  grout  pattern  and  to  see  if 
this  would  relieve  any  residual  stress  in  the  steel.  Photo  90  shows  the 
landward  end  immediately  after  it  had  been  cut.  From  this  photograph, 
it  can  be  seen  that  the  individual  strands  were  very  close  to  the  out- 
side of  the  conduit  and  that  some  of  the  strands  came  in  contact  with 
the  inside  of  the  conduit  and  with  other  strands  in  the  conduit.  The 

;r  it  was  dense  and  free  from  air  voids  in  this  cross  section.  The 
seaward  end  cut  was  similar  to  the  landward  end  cut  except  that  the 
ands  were  bunched  toward  the  top  of  the  conduit.  While  the  :ondui1 
not  cut  lengthwise,  the  cross  section  remained  as  shown  in  Photo  50, 
and  the  steel  did  not  return  to  its  Untensioned  length.  How  r,  w] 
tlv  • :;i  lit  was  finally  cut  and  the  grout  cracked  due  to  the  release  of 
■ ■ i . 1 , 1 . stra  . ■ ihorten  i al  il  in. , a: 
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1 f the  eaward  end  • . t . Indicated  that  tin  l nd  between 

the  .steel  and  the  grout  wan  grid  enough  t hold  the  residual  p sttension- 

ing  even  when  the  anchorages  had  be-:.  :ut.  n y when  the  • luit 

was  opened  did  the  bond  between  steel  and  grout  break. 

An  interesting  observation  cun  be  made  fr  m Phot  - re- 
jarding  tl  eff<  stiven  of  the  posttension i ng  operal i n of  this  beam. 
When  the  conduit  was  cut  open,  9 of  the  IP  posttensioning  strands  re- 
turned to  their  untensioned  lengths.  Three  of  the  strands  did  not. 

Since  the  radial  constraint  of  the  conduit  had  been  released  when  it  was 
cut  and  the  bond  between  the  strands  broken,  these  three  strands  did  not 
shorten  because  they  were  already  in  th<  Lr  inti  ns  n<  i state.  II  ap- 
pears that  when  the  beams  were  posttensicned  at  the  outset  of  this 
pr  ject,  ■ Lther  thesi  three  strand:  w<  n never  posttensioned,  or  they 
lost  their  posttensioning  force  either  immediately  or  during  the  13 
years  between  the  start  of  the  project  and  the  time  when  they  were  cut. 
This  also  indicates  that  the  loading  beam  6 underwent  during  structural 
testing  was  supported  by  only  9 posttensioned  strands,  instead  of  the 
expected  12. 

126.  Once  the  grout  had  been  removed  from  the  steel  strands,  the 
strands  were  cataloged  for  their  rust.  The  following  subparagraphs  de- 
scribe the  condition  of  each  strand  in  beam  6. 
a^.  Strand  1. 

(1)  Landward  end:  Continuous  corrosion  existed  over 

the  entire  end  (0-10  in.  = moderate  rusting, 
pitting,  and  tarnishing;  10-32  in.  = moderate  rust- 
ing, heavy  pitting  and  tarnishing;  and  over  the 
entire  length  of  this  end,  two  strips  of  heavy  rust 
due  to  bar-to-bar  contact). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = moderate  rusting,  heavy 
pitting  and  tarnishing,  witli  two  strips  of  rust  due 
to  bar-to-bar  contact  from  23  to  32  in.  . 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (32-62  in.  from  the  landward  end  = 
moderate  rusting,  heavy  pitting  and  tarnishing, 
with  two  strips  of  heavy  rust  from  bar-to-bar 
contact,  one  from  32  to  6k  and  the  other  from 

32  to  6l  in.  from  the  landward  end,/. 
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idward  end:  ' ntinu  si  n exi  t<  i . r the 

entire  end  -i.  in.  = :erate  rust  i nr  and  pit  tin,', 
heavy  tarnishing,  with  tw  trips  f hea . ..  rusl 
ver  the  entire  end  fr  m bar-t  -bar  contact  rusting) 

(.')  deaward  end:  Continuous  corrosion  existed  over  the 

entire  end  >—13  in.  = Light  rusting,  1< :ral  < 

pitting  and  tarnishing;  13-32  In.  = m i< rate  rusting 
heavy  pitting  and  tarnishing,  with  a heavy  strip  of 
rust  fr  29  to  31  in.,  and  a moderate  strip  of 
rust  lue  t<  bar  contact  thr  igh  .t,  the  end  . 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (moderate  rusting  and  pitting  and 
heavy  tarnishing  ver  the  entire  midsection,  with 
two  strips  of  contact  rust  from  32  to  6l  in.  fr  m 
the  landward  end). 

c_.  . ’t  rand  3. 

(1)  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-10  in.  = heavy  rusting  and  pitting, 
moderate  tarnishing;  10-32  in.  = moderate  rusting 
■and  pitting,  heavy  tarnishing,  with  two  strips  of 
heavy  rust  from  id  t • in.  : t • r.tact 

rusting) . 

(2)  d.e  award  end:  ' ntinuous  corrosion  existed  over  the 

entire  end  ( 0—1 3 in.  = light  rusting,  moderate 
pitting,  heavy  tarnishing;  13-32  in.  = moderate 
rusting,  heavy  pitting  and  tarnishing.  The  rust 

on  this  strand  was  heavier  on  the  side  of  the 
strand  facing  int  the  center  if  the  conduit). 

(3)  Midsection:  Continu  us  c rrosion  existed  over  the 

entire  section  (32-58  in.  from  the  landward  end  = 
moderate  rusting,  heavy'  pitting  and  tarnishing; 

58-61  in.  from  the  landward  end  = heavy  rusting, 
pitting,  and  tarnishing,  with  two  strips  of  heavy- 
rust  : .••  t bar-t  -bar  • ntact  from  32  to  6l  in. 
from  the  landward  end'. 

d_.  . ' t ran  1 ■ . 

(1)  Lan iwar  l end:  lontinuous  corrosion  existed  rer  the 

entire  end  (0-32  in.  “moderate  rusting  and  pitting, 
heavy  tarnishing,  with  tw  > strips  ?f  heavy  rust  ver 
the  • Ire  • : lue  t 1 bar-t,.— bar  contact). 

(2)  deaward  end:  ’ontinuous  c rrosi  n existed  ver  the 

entire  end  (0-. 3 in.  = light  rusting,  n.  ierate 
pitting,  h<  avy  t a m Lshing;  L3-2!  ' n . = m lerati 
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rusting  and  pitting,  1 eavj  t a rni sh i ng;  - - in.  = 
heavy  rusting,  s i<  rat  piti ing  md  t arni . 1 i ng;  m i 
• • ■ ' the  entire  end,  tv  strips  f hea vy  rusl  lu< 
bai'-to-bar  contact ) . 

(3)  Midsection:  Continuous  corrosion  existed  ver  thi 

entire  section  (over  the  entire  midsection  moderate 
rusting  and  pitting  and  heavy  tarnishing,  with  • w .. 
strips  of  rusting  due  to  bar  contact,  _>ne  froi:. 

to  58  and  the  other  fr  in  32  to  56  in.  from  the  lam- 

ward  end ) . 

e_.  Strand  5. 

(l)  Landward  end:  2 ntinuous  corrosion  existed  over  the 

entire  end  - ■ in.  * 1 1 rati  rusti:  • and  pitting 

md  1 tarnj  hing,  with  tv  strips  f hea \ry  r . t 

over  the  entire  length  of  this  end  due  to  bar 

contact ) . 

(-  ) Seaward  end:  '■  nt  inuous  corrosion  existed  over  the 

nt  : - .0  • • nd  pitti ng , 

n.  * moderate  rusting, 

■ - ■ in.  * hea\ y rusl  ing, 
.....  pitting  • • ing). 

(i)  Mi-isect.  ion:  ’ -n*  ir. . .....  corrosion  existed  over  the 

tting,  and 
n,  wit  tv  lei  vy 
1st  du  ntact , fr  m 

■ ■ fr  1 thi  Land- 
ward end  . 

_f . . ' t ran  1 • . 

(l)  Landward  end:  nt  inuous  corrosion  existed  over 

entire  i . - . ting,  li ghl 

pitting,  : ng,  with  tv  strips  f 

hi  a rust  irer  thi  ntire  end  due  1 I ar-t  -1  ar 
contact , . 

Seaward  end:  itinu  is  ■ rr  si  n exist*  i ver  the 

entiri  end  - . ■ in.  * li ght  rusting  and  pitting, 
•v-avy  ■ ■ - in.  ■ a i<  rat  ( :■  1st  : ng, 

pitting,  and  tarnishing,  with  one  heavy'  strip  of 
rust  from  28  to  32  in.  due  to  bar-to-bar  contact). 

(3)  Midsect  ion:  Continuous  corrosion  existed  over  the 

entire  section  ( 32-61*  in.  from  the  landward  end  = 
moderate  rusting,  pitting,  and  tarnishing;  and  two 
heavily  rusted  strips,  one  from  32  to  51  in.  from 
the  landward  end  and  the  other  the  entire  length  of 
the  midsection,  due  to  contact  rusting,. 
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. an  iwar  1 end:  lontinu  i:  ■ rr  si  a exi  st<  i vi  r t h< 

■ :nt  Lr<  end  - Ln.  = m li  rai  < rustii  , hea  vy  pit- 
ting and  tarnishing;  —3  • ••  • = ' lerati  rusting, 

Lght  pitting,  m lerate  tarnishing;  and  tv  strips 
a vy  rust  lue  t 1 a r ■ nta  :t , ne  ver  thi  enti  r< 

f thi  s en  I an  i the  ther  fr  n 8 1 • in.). 

(2)  Seawar i end:  lontinu  . c rroSl  n existed  ver  thi 

enl  ire  end  - - in.  = m ieral  rusting  an  i pittin  , 
heavy  tarnishing). 

(3)  Midsecti  n:  tontinu  : rr  si  n existi  1 r thi 

entiri  secti  n ver  the  entire  midsecti  n m lerati 
rusting,  light  pitting,  moderate  tarnishing,  witl 

ne  stri]  f hea  vy  rust  lue  t bar  ntact  the  fu  1 

en  jth  thi  ection  and  t u sma  1 Ler  st  ri]  , 

fr  m 33  t 38  and  the  other  from  51  * n • ""  • 

• he  an  iwar 1 end;  an  i fr  s ■ 8 1 an i fr  n 

■ in.  fr  n t he  - an  Iwar  1 end,  sj  ts  heavy  rust 

the  strand  (Ph  t 52)  where  it  cane  in  contact 
with  the  ins idi  f the  :onduit  . 

trail  1 3. 

. an . wa rd  end:  ' ntinu  is  • rr  si  n existed  ver 

nt ire  end  -3  in.  = m lerat  ■ rusting,  pitting 
and  tarnishing,  with  four  small  strips  f heavy  rust 
lue  1 : ar  • nt  a :t  at  vari  is  sj  t s ver  this  end  . 

Seawa rd  end:  lontinu  is  : rr  si  n existi  1 ver  the 

entire  end  ( 0- . 3 in.  = light  rusting  and  pittin*, 
heavy  tarnishing;  1 3-3  in.  - moderate  rusting, 
light  pittin.-,  moderate  tarnishing). 

Midsection:  Continuous  corrosi  n existi  i ver  thi 

entire  section  (moderate  rusting,  pitting,  and  tar- 
nishinr  ver  the  entire  secti1  n,  with  two  strips 
heavy  rusl  lue  t bar  • ntact  * ne  from  39  to  61*  and 
the  other  from  56  to  61*  in.  fr  m the  landward  end  . 

.'tran  : 

Lan  Iwa rd  end:  ' ntinu  i:  ■ rr  si  n existed  v<  r 

the  entire  end  (0-10  in.  = moderate  rusting  and 
pitting,  savy  tarnishing;  - ■ in.  = m lerate 
rusting,  pitting,  and  ta rn ishing,  with  tw  strips 
;•  hea  vy  bar-t  -bar  :ontact  rusting,  ne  fr  n 

■ ■ and  t he  t her  fr  m 31  6 in.). 

Seawar  1 end:  ' nt i n 1 is  : rr  sion  existed  ver  tin 

enl  ire  end  - in.  s i ;hi  r isl  i ng  an  1 pitting, 
lerati  tarnishing;  - ■ Ln.  = m lerate  rusting, 
Lighl  pitting,  1 lerati  tarnishing,  with  tw  strip: 

■■  heavy  r is t fr  n 8 1 S n . . 
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) Midseet j a:  ' ntinu  is  : rr  si  n - cisted  ver  th< 

entire  section  (m>  ierate  rusting,  light  pitting,  a ni 
moderate  tarnishing  ver  the  entire  miusecti  with 
tw  strips  heavy  rust  along  the  entire  Length 
the  section  due  to  bar-to-bar  contact). 

j_.  . 't.raiM  10. 

( 1 ) Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-32  in.  = moderate  rusl  Lng,  pitting,  and 
tarnishing,  with  one  strip  of  heavy  rusting  from  bar 
contact  over  the  entire  end). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-13  in.  = light  rusting  and  ] Ltl ing, 
heavy  tarnishing;  13-2A  in.  = moderate  rusting  and 
pitting,  heavy  tarnishing;  2k-32  in.  = heavy  rust Lng, 
moderate  pitting,  heavy  tarnishing;  and  strips  of 
heavy  contact  rust  in.-;  from  0 to  10  and  from 

29  to  32  in. ) . 

(3)  Midsection:  Continuous  corrosion  existed  ver  the 

entir<  secti  n ■ - • ■ i n . fr  m t h<  an  Iwa  rd  end  = 
moderate  rusting,  pitting,  and  tarnishing;  • • in. 

from  the  landward  end  = moderate  rusting,  light 
pitting,  moderate  tarnishing,  with  tw  secti 

one  from  L9  to  51  and  the  other  from  53  to  55  in. 
from  the  landward  end,  with  rust  due  to  contact 
between  the  strand  and  the  conduit  (Ph  t 5 2 ; ana 
one  strip  of  rust  due  to  bar  c -ntact  extending  the 
entire  length  of  the  section). 

k_.  Strand  11. 

I an  iwa  rd  end:  lontinu  ..  • rr  si  n existed  v<  r th< 

ire  end  (0-32  in.  = moderate  rusting,  .1  ;h1 
pitting,  ierate  tarnishing,  with  tw  strips  f 
heavy  rust  iue  t bar-t  -bar  contact  extending  ver 
the  entire  length  of  this  end). 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-13  in.  = light  rusting,  moderate 
pitting,  heavy  tarnishing;  13-32  in.  = m ierate 
rusting  and  pitting,  heavy  tarnishing,  with  a strir 
of  heavy  contact  rust  from  29  t 32  in.  . 

Midsecti  n:  lontinu  is  ;orrosi  n < :x  1 si  e i ver  the 

entire  section  (moderate  rusting,  light  pitting, 
and  heavy  tarnishing  over  the  entire  midsection, 
with  one  strip  of  heavy  rust  extending  the  entire 
length  of  this  section). 

i_.  .'trand  12. 

(l)  Landward  end:  Continuous  c rrosion  existed  ver 
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the  entire  end  (0-20  in.  a >derate  rusting,  pitting, 
and  tarnishing;  20-32  in.  = moderate  rusting,  light 
pitting,  moderate  tarnishing;  and  two  strips  heavy 
rust  due  to  contact  between  bars,  one  extending  fr  m 
0 to  10  in.  and  the  other  the  entire  length  this 
end) . 

(2)  Seaward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-15  in.  = light  rusting  and  pitting, 
heavy  tarnishing;  15-32  in.  = moderate  rusting  and 
pitting,  heavy  tarnishing). 

(3)  Midsection:  Continuous  corrosion  existed  over  the 

entire  section  (moderate  rusting,  light  pitting,  and 
moderate  tarnishing  over  the  entire  section,  with 
intermittent  spots  of  heavy  rusting  due  to  strand-to- 
st rand  contact  over  the  whole  section). 

Condition  of  the 
seaward  end  anchorage 

127.  The  ends  of  the  strands  extending  from  the  seaward  end 
anchorage  were  all  heavily  tarnished  but  not  rusted.  The  only  rust  pres- 
ent ori  these  strands  was  directly  on  the  tips  of  the  steel.  Some  pitting 
on  the  strands  and  a small  amount  of  epoxy  from  the  epoxy  concrete  cap 
used  to  protect  the  anchorage  were  present.  The  steel  coils  of  the 
anchorage  were  lightly  rusted  at  various  spots,  and  those  areas  of  coils 
not  rusted  were  still  lustrous  and  unpitted  (Photo  53). 

128.  For  all  12  strands,  the  length  of  the  strand  beneath  the  end 
anchorage  coil  was  moderately  rusted  and  pitted  and  heavily  tarnished. 
There  was  a distinct  line  of  difference  between  the  steel  encased  by  the 
sand-cement  mortar  and  that  exposed  to  the  epoxy  end  cap. 

Beam  li 

129.  The  as-received  condition  of  beam  11  is  shown  in  Figure  16. 
The  concrete  had  spalled  from  the  top  edges  on  both  sides  of  the  beam 
and  from  one  side  at  the  bottom,  exposing  the  conventional  reinforcement 

saltwater  attack.  The  beam  had  a protective  end  cap  at  the  seaward 
end  and  a plug  over  a flush  end  anchorage  at  the  landward  end.  Both 
types  of  end  protection  were  in  excellent  shape  at  the  time  of 
inspection. 
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anchorage  did  not  compact  as  well  as  it  could  have  (Photos  5^  and  55). 
The  edges  of  the  end  anchorage  plate  were  rusted  along  the  outside 
ot‘  the  edge  where  it  came  in  contact  with  the  epoxy  plug.  This  end 
anchorage,  when  compared  with  that  of  the  seaward  end,  was  much  more 
corroded.  The  anchorage  consisted  of  a 3/^-in. -thick  rectangular  end 
plate,  nine  washers,  and  a bolt  used  to  posttension  the  steel  rod. 

Photo  56  shows  the  rust  to  the  outside  of  this  plate.  The  bolt  was  100 
y percent  covered  with  rust  and  pitting,  but  the  end  of  the  rod  that  it 

was  threaded  onto  had  very  little  rust  on  it.  Although  the  bolt  was 
covered  with  rust,  the  coating  was  only  a thin  layer  and  no  deep  damage 
had  been  done  to  the  bolt  or  posttensioning  rod.  The  outermost  washer 
was  heavily  covered  with  rust  as  were  the  exposed  edges  of  all  the  other 
washers.  The  face  of  the  rectangular  plate  was  moderately  rusted, 
mostly  on  the  outside  of  the  plate  face.  The  rusting  gave  way  to  tar- 
nishing toward  the  center.  The  inside  face  of  the  landward  end  anchor- 
age was  not  at  all  rusted,  but  the  metal  was  heavily  tarnished  as  shown 
in  Photo  57. 

Condition  of  the  conduit 

132.  The  outside  of  this  conduit  was  the  least  corroded  of  all 
the  conduits  encountered  in  this  study.  With  the  exception  of  a -Lightly 
rusted  section  about  36  in.  from  the  seaward  end,  the  conduit  was  free 
from  rust  and  highly  lustrous.  Contrary  to  the  behavior  of  the  conduits 
previously  discussed,  in  which  the  shiny  portions  were  rusted,  this  con- 
duit did  not  behave  in  this  way.  There  appears  to  have  been  no  bond  be- 
tween the  cement  paste  and  the  conduit  because  pieces  of  concrete  re- 
moved from  around  the  conduit  had  the  imprint  of  the  outside  of  the 
conduit  in  them;  the  surface  of  this  imprint  had  no  rust  stains  and 
appeared  almost  highly  polished,  indicating  no  bond  (Photo  58).  The 
area  that  was  lightly  rusted  (about  16  in.  long)  constituted  less  than 
one  percent  of  the  surface  area.  In  this  area,  the  luster  of  the  metal 
conduit  was  somewhat  reduced.  The  amount  of  concrete  paste  stuck  to  the 
conduit  was  light  in  this  area,  but  it  was  greater  than  that  in  any 
other  area  on  the  conduit. 

133.  The  seaward  end  funnel  housing  was  opened  first.  It  was 
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disci  vered  that  the  grout  that  had  been  pumped  inride  this  housing  lid 
n • reach  all  the  areas  it  had  been  interned  to  reach.  mall  end 

the  cone  was  not  filled,  thereby  indicating  thal  th<  am  mi 
used  to  pump  the  grout  had  not  been  high  enough  to  fill  the  conduit  or 
the  grout  began  to  set  before  it  reached  the  end  of  the  housing.  As  the 
h ..  Lng  war.  pened  further,  it  was  observed  that  the  grout  mix  had  been 
pumped  farther  into  the  funnel  housing  at  the  bottom  of  trie  conduit  than 
at  the  top.  Also,  when  the  grout  was  removed,  the  bottom  half  of  the 
housing  was  rusted  where  it  was  covered  by  grout  and  not  rusted  (bu* 
heavily  tarnished)  where  the  grout  did  not  penetrate.  Photo  59  shows 
the  rust  on  the  bottoms  of  the  funnel  housing  and  the  conduit  and  als  . 
pieces  of  grout  that  did  penetrate  into  the  funnel  housing.  The  top 
half  of  the  housing  was  lightly  rusted  and  pitted,  but  the  rust  was  very 
light  in  comparison  with  that  shown  in  the  photograph.  Some  light, 
chalky  grout  was  found  in  the  housing.  It  was  filled  with  tiny  air 
bubbles  and  broke  very  easily. 

13*+.  The  conditions  at  the  seaward  end  funnel  housing  were  matched 
by  those  at  the  landward  end.  The  grout  did  not  penetrate  to  the  full 
extent  of  the  housing.  Where  there  was  no  grout  cover  under  the  top  half, 
there  was  only  very  light  rusting  on  the  conduit.  At  the  bottom  of  the 
housing,  the  grout  was  rust-stained  and  had  penetrated  farther  into  the 
funnel  than  it  did  at  the  top.  Below  the  grout  the  conduit  was  rusted, 
and  some  of  the  grout  appeared  white,  chalky,  and  soft. 

135.  The  beam's  conduit  was  cut  to  examine  the  inside,  and  after 
the  grout  had  been  removed,  the  conduit  was  found  to  be  heavily  rusted 
on  the  bottom  half.  Starting  from  the  landward  end,  the  bottom  half  was 
heavily  rusted  both  on  the  ridges  and  in  the  joints  of  the  conduit  to  the 
P ortion  of  the  beam.  The  rust  was  continuous  and  about  i in.  wi  ;• 
over  the  whole  length.  On  both  sides  of  the  rusted  area  were  border 
areas  covered  with  a film  that,  although  not  rust,  had  caused  a dulling 
of  the  conduit  on  either  side  of  the  rust  (Photo  60) . On  thi  ipper 
half  of  the  conduit,  the  metal  was  not  rusted  and  appeared  lustrous. 

Some  light  rust  was  noted  it.  the  joints  between  segments . T ward  the 
seaward  end  of  the  beam,  the  rust  on  the  bottom  half  of  the  conduil 
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remained  just  as  heavy  as  that  at  the  landward  end  but  was  not  continuous 
■ ' r the  wh  Length.  There  were  lengths  f thii  end  that  w<  n t 
rusl  (d  at  all.  The  top  of  the  conduit  at  this  end  waj  al: 

lightly  rusted. 

• . he  ; Lt  at  the  seawar  i en  1 an  ra  je  1 hal  was  ise  It  post- 
tension the  rod  was  removed  to  determine  how  far  the  corrosion  had 

reached.  The  threads  of  the  rod  did  not  have  any  rust  where  they  were 
covered  by  the  bolt,  and  the  faces  of  the  washers  were  likewise  unrusted. 
However,  where  the  grout  from  inside  the  conduit  came  through  the  holes 
in  the  j Late  and  washers,  there  was  rust  on  the  threads  (Photo  6l). 

Also , the  plate  itself  was  not  very  rusted  except  right  at  the  hole 

where  water  and  air  from  the  grout  mixture  provided  two  of  the  necessary 

elements  u'  e rrosion  (Fhoto  62). 

137.  The  following  subparagraphs  describe  the  condition  of  the 
bar  in  beam  11. 

a.  Landward  end:  Continuous  corrosion  existed  over  the 

entire  end  (0-22  in.  = moderate  rusting,  heavy  pitting 
and  tarnishing;  22-32  in.  = moderate  rusting,  pitting, 
and  tarnishing). 

b_.  Seaward  end:  Continuous  corrosion  existed  over  the  en- 

tire end  ( 0-18  in.  = moderate  rusting  and  pitting,  heavy 
tarnishing;  18-32  in.  = moderate  rusting,  pitting,  and 
tarnishing) . 

c_.  Midsection:  Continuous  corrosion  existed  over  the  entire 

section  (32-61*  in.  from  the  landward  end  = moderate 
rusting,  pitting,  and  tarnishing). 

Condition  of  the 
seaward  end  anchorage 

138.  This  end  of  the  beam  was  protected  by  an  epoxy  concrete  end 
cap  over  an  external  anchorage.  The  anchor  consisted  of  a funnel 

ising,  a -i/-'*- in. -thick  steel  plate,  four  washers,  and  a posttensioning 
b :i  nr  uni  the  bar.  The  funnel  housing  was  free  of  rust  but  heavily 
tarni  ;hed.  FI  ;r<  w<  r smaj  . inti  f rust  at  Doth  the  landward  and 
seaward  funnel  housings  where  the  h using  met  the  metal  conduit,  but  this 
rust  was  very  light.  The  end  anch  rag<  LI  self  was  lightly  to  moderately 
rusted.  Starting  fr  n the  inside,  this  face  was  moderately  rusted.  The 
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rust  was  more  concentrated  near  the  edges  of  the  plate  than  at  t he  center 
near  the  housing;  however,  the  edges  of  this  plate  were  free  <f  runt. 

The  outside  face  of  the  plate  (Photo  6l)  was  lightly  rusted  at  the  top 
and  free  f rust  at  the  bottom.  All  areas  were  moderately  tarnished; 
the  bolt,  washers,  and  end  f the  rod  exposed  at  the  seaward  end  were  all 
completely  free  of  rust  and  only  Lightly  tarnished. 
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U Lp  im-tle  7>-;.sI.e  /'  I't-noth  and  h . a.- 1 1 ■: 

• r^perties  the  .'fra:. 

■ ).  Each  strand  f prestressing  steel  was  analyzed  by  tension 
testing  meth  Is  to  determine  its  ultimate  tensile  strength,  total  el  n- 
;at  i n,  and  si  ress-sl  rain  ; r pert Les.  The  tests  were  conducted  in 
general  accordance  with  the  applicable  portions  of  ASTM  Designation 
A 370-68  for  testing,  and  the  results  were  compared  with  ASTM  Desi  -na- 
tion A 421-59T,  which  was  the  specification  that  was  current  at  the 
■ Lme  the  steel  was  manufactured.  Structural  testing  results  are  pre- 
sented in  Table  5. 

l40.  As  preparation  for  testing,  each  strand  was  scraped  an  i 
sanded  to  remove  all  the  products  of  corrosion  and  then  measured  to 
determine  the  diameter.  Measurements  were  taken  at  2-in.  intervals  for 
approximately  12  in.  on  each  en  1 the  strand,  and  then  measurements 
were  taken  at  6-in.  intervals  on  the  remainder  of  the  strand.  For 
structural  testing,  three  12-in.  segments  of  each  strand  were  used,  two 
of  which  were  the  12-in.  sections  at  each  end  of  the  strand.  The  third 
segment  was  cut  from  the  remaining  part  of  the  strand  where  the  minimum 
diameter  was  found.  The  data  on  the  strand  diameters  are  presented  in 
Table  7. 

I'.i.  Each  strand  was  tested  in  tension  to  ultimate  load.  A load- 
deflection  curve  for  each  strand  was  also  made.  Representative  stress- 
strain  curves  for  the  steel  strands  are  found  in  Appendix  A,  Plates 
A 5 -AT . 


Properties  ^ f the  Gr-ut 


dm  ut  density  test 


142. 

each  end  of 
termine  the 


Nine  samples  of  grout  from  each  metal  conduit,  three  from 
the  beam  and  three  from  the  middle,  were  analyzed  to  de- 
density  of  the  grout.  The  sample  densities  were  measured. 
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and  results  are  presented  in  Table  8. 

lensities  if  th<  its  ranged  froi  . ; ft  for 

am  • Lb,  ft  for  beam  0.  This  is  a normal  ran 

pressure-pumped  grout . With  the  exception  of  the  few  areas  wh  the 
• ut  contained  bleed  water  and  air  raids,  this 
sound  and  of  moderate  density. 
pit  of  the  grout 

1 W* . Samples  of  grout  were  taken  from  the  landward  end,  mi  i- 
section,  and  seaward  end  of  the  conduits  of  seven  of  th<  i ight  bi 
tested  (beams  1,  3,  6,  9,  11,  15,  and  19).  Thes<  samj  Lei  w<  re  : ..- 
verized  and  placed  in  distilled  water  for  pH  1 sts . h<  result!  f 
these  tests  are  presented  in  Table  9-  All  thr  samj Les  gav  pH 
between  12.13  and  12.90,  the  lowest  being  from  beam  . « and  th< 
from  beam  3.  These  readings  art  all  in  the  n rmal  range  of  grout, 

I 

whi  in  trie  neighborhood  of  12. 50.  Sinct  li  an  ;hl  ri  l<  w 

• : • w<  r the  i f : and  remenl  and  water,  il  was  ft  Li  thal 

concentration  of  chlorides  in  the  grout  would  be  indicated  by  a lower 
than  normal  pH  reading. 


Junmary  of  Strand  C- erosion 

lU5.  Every  strand  that  was  examined  during  the  testing  peri 
was  found  to  be  covered  with  different  amounts  and  different  kinds  of 
corrosion.  The  intensity  and  quantity  of  these  prciucts  have  been 
cataloged  in  paragraphs  36-138.  The  degree  and  trend  of  rusting  on  the 
strands  in  this  investigation  indicated  areas  of  heavy  rusting  and 
pitting  and  areas  in  which  corrosion  did  not  predominate.  In  the  fol- 
lowing paragraphs,  the  trends  of  each  bean  are  summarized  in  ace  >rianee 
with  data  in  Table  10. 

146.  The  landward  end  of  beam  3 showed  that  rusl 
light  to  heavy  as  it  proceeded  inward  from  t hr  an  :1  ragr  . 
was  moderate  to  heavy  and  was  heaviest  on  strands  1-'  . 

ll*7.  Unlike  the  landward  end  of  beam  3,  thr  award  end  lid  not 
exhibit  any  rusting  pattern.  The  overall  rusting  of  this  end  wai 
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lerate;  pitti  ■ w a loderal  heavy,  th<  h< 
being  brands  -6,  10,  and  12.  rhe  midsection  ft  beam  w 

. rusted,  w ith  str  is  >-  heavily  rusted  at  th<  andward  end  f 
section.  ■ n irderly  pattern  f rust  ■ . beam  va: 

prepar  ’or  structura  ting  before  tarnishing  ••■■■.  • tld  b< 

obtained . 

L48.  rhi  single  rod  of  beam  9 was  lightly  rusted, 
rust  ing,  wh ich  was  lerate,  scurred  at  1 1 < :awt  rd  nd.  th< 

entire  rod,  the  pitting  and  tarnishing  were  moderate. 

. *.  Beam  13,  the  beam  that  was  not  grouted  but  covered  with 

;rease,  showed  t!  heaviest  rusting  at  the  landward  end.  Proceeding  it 
from  the  landward  end,  the  rust  decreased  from  heavy  to  light.  Most 
of  the  pitting  and  tarnishing  was  light,  but  strands  6-8  showed  mod- 
erate amounts  of  both. 

the  award  end,  the  rusting  showed  a decreasing  trend 
; away  fr  i end  anchorage.  The  rusting  was  less  severe 

than  that  at  the  Lat  Iward  end  f r all  :ases , ■ pitting  wa  light 

. f the  strands  as  was  the  tarnishing,  but  no  pattern  was  noted  in 
its  occurrence. 

151.  Most  of  the  grease  remained  on  the  strands  over  the  mil- 

section  of  the  beam.  Her  , raaj  rity  ru  t w<  . m lerate,  and  the 

tarnishing  and  pitting  were  light. 

152.  At  the  landv ard  end  of  beam  15,  the  rust  started  moderately. 
Further  inward  from  the  anchorage,  it  increased,  was  heaviest  at  about 
14  in.,  and  then  decreased  again,  becoming  light  toward  the  center. 

f the  pitting  followed  that  of  the  rust  , u ti  rnis 

was  essentially  heavy  at  the  ends  and  m 1<  rate  ii  th<  mi  Idle. 

. 3.  A’  the  seaward  end,  the  rusting  was  light  over  all  the 
strands.  The  pitting  was  light,  and  the  tarnishing  was  moderate. 

r ru;  t Lng,  pitting,  nor  tarnishing  showed  any  trend  toward  in- 
creasing or  decreasing.  The  midportions  of  the  strands  were  very 

■ awar  1 ends.  r isting  and  pitting  were  1 igirt  , a 

th<  ti  - w . m lerati  ver  the  entire  surface. 

;■  the  Landward  end  of  beam  19,  the  rusting  exhibited  no 
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pattern.  Me  st  ■ the  strands  were  lightly  rusted,  particularly  strands 
11,  and  12.  Rusting  f the  Lower  numberi  i strands  was  Light  at  the 
landward  end  and  moderate  farther  away  from  the  end.  The  pitting  was 
moderate  for  the  lower  numbered  strands  and  light  for  the  higher  numbered 
nes.  The  tarnishing  wv  mi  lerate  throughout  the  entire  end. 

155-  At  the  seaward  end,  the  rusl  ing  was  basically  light  over 
the  32  in.  The  pitting  was  moderate  in  the  lower  numberi  i bars  and 
light  in  the  higher  numbered  ones.  The  tarnishing  on  the  strands  al 
this  end  was  moderate. 

: 6.  The  analysis  of  corrosion  to  the  strands  in  the  second  in- 
vestigation produced  results  in  agreement  with  th  se  in  the  first  inves- 
tigation. The  strands  were  all  rusted,  pitted,  and  tarnished  to  varying 

l<  frees,  and  the  severity  of  strand  si  n ■ shil  ited  n pattern. 

the  landward  end  of  beam  1,  ' he  rust  ing  was  Li  n t<  vc  r m si  the 
end,  and  the  pitting  and  tarnishing  Were  heavy  over  the  wh  Lc  • r< 

seemed  to  be  less  pitting  and  tarnishing  on  strands  oO-lo  than  on  the 
rest  of  the  strands.' 

157.  At  the  seaward  end  of  the  beam,  the  rusting  changed  from 
light  to  moderate  at  approximately  12  in.  from  the  end.  Ire  pitting 
and  tarnishing  were  heavy  over  the  whole  end  except  for  a few  strands 
that  had  only  moderate  pitting  and  tarnishing.  The  rusting  and  pitting 
at  the  midsection  of  the  beam  were  moderate,  with  the  pitting  and  Tar- 
nishing on  strands  1-3  heavy.  The  tarnishing  on  the  rest  of  the  strands 
varied  from  moderate  to  heavy. 

158.  The  analysis  of  beam  6 was  similar  to  that  of  beam  19-  At 
the  landward  end,  the  rusting  was  m lerate  ever  the  entire  end.  In  this 
end  of  the  strands,  the  pitting  was  basically  moderate  and  the  tar- 
nishing basically  heavy.  For  the  seaward  end,  the  summary  stra 
corrosion  was  more  ordered.  The  rusting  was  light  on  the  first  13  in. 

f the  strands  and  then  became  moderate  over  the  rest  of  the  end.  Sim- 

, t : : :■  rressed  froi  Lghl  ti  m<  lerate,  and  th<  tarnish- 

ing was  basically  heavy. 

159-  The  midsection  was  moderately  rusted  over  the  whole  s<  - 
: he  pitting  ranged  from  light  to  heavy  with  no  specifi  ■ tr  nds, 
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and  the  tarnishing  was  moderate  on  the  higher  numbered  strands  and  heavy 
n the  lower  numbered  ones. 

single  r i of  beam  11  was  moderately  rusted,  pitted,  and 
tarnished  /er  entire  beam.  The  nly  exception  to  this  was  the 
heavy  pitting  and  tarnishing  at  the  landward  end  from  0 to  22  in. 

161.  It  should  be  reemphasized  here  that  the  classifications 
Light,  moderate,  and  heavy  describe  percentages  of  surface  area  covered 
and  not  depth  of  corrosion.  In  this  study,  the  strands  for  which  thi 
corrosion  was  labeled  heavy  did  not  have  deep  corrosion  and  deteriora- 
tion of  the  metal,  with  the  exception  of  one  end  of  one  beam. 

162.  The  analysis  of  the  strands  revealed  that  water,  oxygen,  and 
a condition  of  the  surface  of  the  steel  needed  to  destroy  the  passivat- 
ing film  all  existed  at  the  surface  of  the  steel.  These  conditions  are 
all  necessary  to  cause  rusting.  The  rust  that  was  found  on  the  strands 
was  not  concentrated  in  any  one  area  of  the  conduit,  nor  was  the  severity 
of  the  corrosion  greater  in  some  areas  than  in  others.  This  observation 
can  be  made  regarding  any  of  the  seven  beams  that  had  grouted  tendons. 

The  only  beam  in  which  the  severity  of  the  corrosion  was  greater  at  the 
ends  was  the  beam  containing  a paper  conduit  filled  with  grease. 

163.  During  the  analysis  of  the  rust  on  the  strands,  it  became 
apparent  that  wherever  two  or  more  strands  of  posttensioning  wire  were 
touching  or  where  a strand  touched  the  metal  conduit,  the  area  was 
heavily  rusted.  These  heavily  rusted  areas  were  approximately  as  long 
as  the  two  areas  which  were  in  contact,  and  they  extended  about  1/8  in. 
to  both  sides  of  the  contact  points.  These  areas  were  heavily  rusted 

sardless  if  the  amount  of  corrosion  in  the  adjacent  areas. 

l6t . Based  on  the  conditions  present  in  this  study,  the  ra< 
probable  explanation  for  this  contact  rusting  is  the  production  of 

7 

electrolytic  currents  between  areas  of  high  and  low  salt  concentrations, 
i thi n the  conduit  the  concentration  of  salt  in  the  grout  was  low;  also, 
wit  "r  and  air  wore  r-r’  .'-nt,  and  thus  fewer  hydrogen  and  cxygen 

■ ncreti  surrounding  the  conduit,  the  sail  :oncentration 
, ■ hydrogen  and  xy  ;en  ! ns  were  more  numerous  i u t 

Liability  wa  ter  and  lir . W ith  ■ ■ :tr  Lyt  ■ current 
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wing , ■ : steel  inside  the  • luit  became  an  lie,  releasin  ferr  . 

i ns  an  i lej  iting  hydr  en  i ns  at  the  :ath  ie.  h<  bui  iu]  hy- 

ir  pen  i ns  at  the  :ath  le  has  a tendency  1 si  ,•  thf  reacti  n t a 
si  p ; : . wet er , if  then  at  indance  f xygen  ns  at  the  rath  le, 

they  will  demand  the  hydn  gen  and  all w the  lepositi  :i  jf  further  hydr  - 
yen  i ns  t . continue  the  galvanic  reacti  n. 


rid  n strati  n Analysis  of  Concrete  and  Grout 


165.  One  of  the  main  objectives  in  the  second  investigation  was 
1 r vi  le  rhl  rid<  net  rat  i n information  that  was  neglected  in 
the  first  investigation.  In  both  investigations,  information  regarding 
the  chloride  content  of  the  grout  in  the  conduits  was  obtained.  These 
analyses  showed  that  the  chloride  content  of  the  grout  was  less  than 
0.02  percent,  which  was  not  sufficient  to  cause  seri  is  - rr  sive  damage. 
In  the  second  investigation,  cross— sectional  analyses  of  the  concrete 
were  conducted  t determine  the  depth  an  i percentage  of  chlorides.  The 
penetration  of  chlorides  in  this  study  was  a function  of  the  trans- 
I rtive  : li  an  in  this  case,  water),  the  abs  rpti  n rate  the  ■ n- 

crete,  and  the  depth  through  which  the  chlorides  needed  to  penetrate. 
Plate  A8  shows  the  results  of  plots  of  chloride  content  versus  depth  of 
penetration  from  the  surface.  All  the  graphs  show  the  least  amount  if 


chloride  content  close  to  the  center  line  of  the  beam.  Under  normal 
' circumstances , the  chloride  concentration  would  be  heaviest  at  the  sur- 

face and  lightest  at  the  center  or  farthest  from  the  surface.  All  the 
graphs  show  this  general  tendency  although  they  do  hot  all  have  the 
characteristic  curved  shape  shown  in  11-51.  There  are  two  types  of 
graphs,  r iO-in.-wide  and  one  for  5-in. -wide  cross  sections.  The 

10-in. -wide  cross  sections  were  taken  near  the  ends  of  the  beams  where 
the  cr  iss  secti  ns  were  thick  and  as  a result  show  lower  total  chi  ride 

i percentages  at  the  center  line  than  do  the  inner  cross  sections  that 

1 

were  taken  from  the  webs  of  the  beams  and  are  only  5 in.  wide.  At  the 
:ent  r ine,  th<  h ‘id<  : ntents  f th<  -in.  :ross  sections  were  as 
low  as  0.05  and  as  high  as  0.15  percent.  In  the  5-in. -wide  cross 
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ns,  th<  :hJ  rides  were  higher  and  ranged  from  al  it  ...  • • 

percent . 


L66.  Sam]  Les  of  the  grout  from  beams  in  both  Lnv<  . t . : ns 

al:  analyzed  for  chloride  content.  In  both  series  of  tests,  the  total 

. rides  from  all  the  samples  tested  were  less  than  J.02  percent  by 
weight  of  grout.  This  indicated  only  trace  amounts  of  chlorides  within 
the  grout,  while  adjacent  to  the  outsides  of  the  conduits  the  amounts 
were  as  high  as  0.19  percent.  The  concrete  beams  contained  mere  than 
0.19  percent  chlorides  nearer  the  surfaces  but  not  in  the  vicinity  of 
the  conduits. 


End  Anchorage  Analysis 

167.  In  this  testing  program,  12  types  of  end  anchorage  protec- 
tion were  presented  to  cover  four  types  of  end  anchorages.  These  12 
types  were  divided  into  two  types  of  applications,  external  end  caps 
and  flush  end  plugs,  and  the  materials  varied  from  air-entrained  port- 
land  cement  concrete  to  epoxy  concrete  to  sand-cement  mortar.  Tables  1- 
4 describe  the  materials,  posttenslcning  systems,  and  end  protections 
used  in  the  program. 

168.  Throughout  the  testing  period,  the  condition  of  each  end  an- 
chorage protection  was  visually  inspected  either  annually  or  biannually  at 
the  Treat  Island  exposure  station.  The  condition  of  each  protective  cap 
or  plug  was  adjudged  by  a panel  of  observers  and  given  a numerical  rating 
to  describe  its  visual  condition.  The  tabulation  below  gives  the  average 
condition  of  each  end  protection  type  for  various  years  throughout  the 
study.  The  averages  are  the  numerical  averages  of  all  the  ends  of  each 
specific  type.  It  should  be  noted  that  thuse  numbered  averages  that 
decrease  with  increasing  time  do  not  indicate  that  the  condition  of  the 
end  anchorages  improved  with  time  but  that  the  numerical  average  was 
taken  over  the  number  of  beam  ends  that  still  remained  at  Treat  Island. 

A rating  of  0 indicates  perfect  condition,  while  a rating  of  28  is  equal 
to  complete  failure  of  the  end  protection. 


Type  of 
End 

Protection 

N . 

Beam 

Ends 

Used 

Average  Condition  at 
After  Indicated 

indicated  Time 
do.  of  Cycles 

and 

0 

Cycles 

1961 

330 

Cycles 

196t 

623 

Cycles 

1966 

1113 

Cycles 

1969 

1597 

Cycles 

1972 

1985 

Cycles 

1975 

Flush  (1) 

2 

0 

1 

2 

0 

2 

3+ 

Flush  (6) 

2 

0 

0 

0 

0 

0 

0 

Flush  (7) 

2 

0 

2 

2 

b 

It 

It 

Flush  (9) 

2 

0 

0 

2 

0 

0 

2+ 

External  (l) 

t 

0 

7 

11* 

13* 

16** 

— t 

External  (2) 

t 

0 

10 

11 

lit 

10 

12 

External  (3) 

b 

0 

10 

10* 

It* 

16** 

— t 

External  (1+) 

b 

0 

11 

13 

15 

12 

13 

External  (5) 

4 

0 

3 

2 

10* 

10* 

— t 

External  ( 6 ) 

1+ 

0 

9 

9* 

12* 

It* 

— t 

External  (7) 

1* 

0 

1 

1 

t 

t 

3+t 

External  (8) 

4 

0 

1 

b 

b 

t 

7+t 

Total 

1+0 

* One  end  protection  has  failed. 

**  Two  end  protections  have  failed. 

+ Beans  returned  to  the  laboratory. 
tt  Data  based  on  number  of  beam  ends  remaining  after  test  beans  were 
returned  to  the  laboratory. 

169.  Based  on  the  visual  inspections , after  lb  years  all  the  flush 
anchorage  protections  had  numerical  ratings  of  t or  less,  while  only  two 
of  the  eight  external  anchorage  caps  had  ratings  as  low  as  t,  with  the 
rest  rated  10-16.  The  asterisks  indicate  the  number  of  end  anchorage 
protections  of  that  particular  kind  that  received  a rating  of  28,  which 
indicates  complete  failure. 

170.  Of  the  four  flush  types,  the  best  ratings  were  given  to 
flush  (6),  which  was  an  air-entrained  concrete  plug  bonded  to  the  beam 
by  an  epoxy  adhesive,  and  to  flush  (9),  which  was  a sand-cement  mortar 
used  as  an  end  plug  with  a small  amount  of  aluminum  powder  to  retard 
shrinkage.  The  two  external  protective  caps  that  weathered  so  well  were 
external  (7)  and  external  (8),  both  of  which  were  epoxy  concrete  end  caps. 
These  caps  essentially  had  their  cement  replaced  by  epoxy  and  had  the 
following  characteristics: 


8t 


Cement 


Max  C i zt? 
Aggregate 
in . 

Hone  3/1+ 


M i xl  ire  1 n [ rti  ms  t y ■■  ;h1 

. ] xy  Binderj_SajKi:  '■  >arst  Ag  • r« 

. .83:7.00:10.00 


Compressive 
strength  at 


9,3:  u— . . , •: 


Their  Portland  cement  counterparts,  external  (3)  and  external  (3),  had 
ratings  of  1 6 and  12,  respectively . 


i.vnluatio:.  . :-:terna_u  a.al  Internal  End 
Anchorage  Protection 

171.  The  eight  beams  of  the  two  investigations  had  1 6 end  an- 
chorage protections,  13  of  which  were  external  end  caps  and  3 of  which 
were  flush  end  plugs.  All  the  flush  anchorage  plugs  weri  rel  in  1 t 
the  WES  in  good  condition  with  average  visual  evaluations  of  b or  less. 
The  anchorage  plug  that  had  the  best  visual  evaluation  (rating  = 0}  also 
had  the  best  rating  of  protection  for  the  end  anchorage;  flush  (9)  had 
an  end  anchorage  that  was  completely  free  of  rust.  The  remaining  two 
flush  end  anchorage  plugs,  flush  (l)  and  (7),  both  of  which  were  given 
low  ratings  in  the  visual  evaluations,  had  moderate  to  heavy  corrosion 
on  the  end  anchorages. 

172.  A description  and  analysis  of  the  four  types  of  end  prepara- 
tion used  for  the  joints  between  the  beams  and  the  13  external  end  caps 
follow.  Three  joints  were  prepared  by  bush  hammering  the  surface  of 
the  joint  at  32-33  days  age  to  roughen  the  joint  before  placement  of  the 
end  cap.  Of  these  three  joints,  two  were  still  intact  at  the  end  of  the 
study  period.  One  of  these  joints  (at  the  seaward  end  of  beam  13)  had 

a crack  between  the  cap  and  the  beam  (see  Appendix  B).  The  anchorages 
beneath  these  caps  were,  on  the  whole,  moderately  to  heavily  corroded. 
Four  of  the  joints  were  prepared  by  the  use  of  a retarding  agent.  The 
inside  surface  of  the- form  was  coated  with  this  retarder , -and  the  con- 
crete was  placed  against  this  surface.  At  three  days  age,  the  forms  were 
stripped,  and  the  retarded  surface  was  scrubbed  to  remove  the  soft  cement 
surface  from  the  end  of  the  beam,  exposing  some  of  the  aggregate  and 
producing  a roughened  surface.  At  the  end  of  the  study  period,  three 
of  these  joints  were  intact.  The  anchorages  beneath  these  caps  were 
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relal  Lv<  ...  he;  vily  corroded,  with  the  heaviest  z rr  • : n on  the  landward 
end  an rh  f beam  19.  Two  of  the  joints  were  treated  with  an  epoxy 

adhesive  by  coating  the  surface  of  the  joint  with  the  epoxy  prior  to 
cast Lng  the  protective  end  cap  over  the  joint,  and  of  these  two,  ne 
f of  . .v  remained  intact.  Both  of  these  end  anchorages  were  heavily 
:orr  led.  Two  of  the  joints  received  no  preparatory  treatment,  and  both 
these  were  still  intact,  one  of  which  (at  the  landward  end  of  beam  It) 
w s _•  rucked  between  the  cap  and  the  beam.  The  anchorages  beneath  these 
caps  were  moderately  corroded  (landward  end  of  beam  13)  and  free  from 
corrosion  (seaward  end  of  beam  3).  The  two  epoxy  concrete  end  protective- 
caps  were  put  onto  a beam  surface  that  was  sandblasted  and  primed.  Both 
of  these  were  assigned  a visual  rating  of  1,  and  the  inspection  of  the 
end  anchorage  revealed  either  no  corrosion  or  very  light  to  moderate 
corrosion. 

173.  It  appears  from  the  preceding  paragraphs  that  the  visual 
*va  uai  :.  rai  ings  given  to  the  end  caps  and  plugs,  in  the  majority  of 
cases,  reflected  the  conditions  of  the  end  anchorages  that  the  caps  and 
plugs  protected.  In  only  two  instances  were  there  discrepancies  between 
the  anch  rage  corrosion  and  the  visual  ratings.  The  landward  end  of 
beam  1 was  protected  by  flush  (l)  and  was  found  to  have  heavy  rust  on 
the  strands  of  the  anchorage.  In  contrast,  the  seaward  end  of  beam  3 
was  protected  by  external  (l),  which  received  a visual  rating  of  l6, 
and  its  end  anchorage  was  free  from  rust.  These  disparities  are  due 
to  the  fact  that  the  visual  ratings  are  averages  of  all  the  end  protec- 
tions of  a particular  type  and  do  not  reflect  the  condition  of  just  one 
end  cap. 

17U . The  heaviest  end  anchorage  corrosion  was  on  beams  9 and  19. 
Beam  9 had  heavy  corrosion  at  the  landward  end  due  to  the  fact  that  the 
end  cap  was  missing  when  the  beam  was  delivered  to  the  WES,  and  beam  19 

had  very  heavy  corrosion  and  deterioration  on  both  ends  due  to  the 

absence  of  both  end  caps. 

175.  The  edges  f the  steel  end  plates  were  all  rusted  close  to 

the  exposed  face,  and  the  corrosion  became  lighter  as  it  extended  far- 

ther into  the  beam.  It  seems  that  the  passivating  coat  that  protected 
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' steel  from  corrosion  was  destroyed  on  one  face  of  the  plate  but  a ' 

■n  the  opposite  face,  thereby  indicating  the  outside  face  to  be  anodic 
and  the  inside  cathodic. 

. ’■ . Part  >f  the  purpose  of  this  investigation  was  to  evaluate 
the  abilities  of  the  different  end  anchorages  to  prevent  seepage  into 
the  conduit.  It  was  ass  a • i that  seepage  will  be  greatest  through  the 
ends  of  the  anchorages  because  these  points  provide  the  least  amount  of 
protection;  that  is,  the  grout  is  the  only  medium  that  must  be  pene- 
trated by  the  moisture  and  oxygen,  which  can  travel  along  the  steel 
strands  that  are  exposed  through  the  end  anchorage. 

177-  Part  of  the  corrosion  process  involves  the  combination  of 
free  electrons  with  hydrogen  ions  in  either  water  or  acid  substances  in 

g 

the  water  to  form  neutral  hydrogen  atoms.  Therefore,  the  end  anchorage 
that  allowed  the  least  amount  of  seepage  would  be  the  system  that  had 
the  least  amount  of  corrosion  at  or  near  the  ends  of  the  strands. 

178.  Comparison  of  the  results  presented  in  Table  10  shows  that 
beam  19  had  the  lightest  amount  of  corrosion  at  the  ends  of  the  strands, 
followed  by  beams  15,  3,  6,  1,  9,  11,  and  13,  respectively.  These  re- 
sults were  obtained  by  determining  the  beam  with  the  largest  percentage 
of  its  strands  only  lightly  corroded  near  the  ends.  For  example,  beam 
19  bad  11  of  12  strands,  or  91.6  percent,  lightly  corroded  at  the  lana- 

j ward  end,  and  6 of  12  strands,  or  66.7  percent,  at  the  seaward  end  only 

lightly  corroded. 

< 179-  Beam  13,  which  had  the  conduit  filled  with  grease,  had  the 

worst  corrosion  at  the  ends.  At  the  landward  end  of  the  strands  on  this 
beam,  87.5  percent  of  the  strands  were  heavily  corroded,  and  at  the 
seaward  end,  62.5  percent  were  moderately  corroded.  Just  inside  the 
landward  end  anchorage  plate  the  diameters  of  the  strands  were  all 
slightly  smaller  than  the  diameters  of  other  parts  of  the  strands,  and 

| the  cross  section  of  one  strand  was  so  reduced  that  it  had  broken, 

t 

\ presumably  during  structural  testing  (Photo  11).  The  combination  of 

1 type  of  end  anchorage  of  this  beam  and  the  fact  that  the  conduit  was  a 

paper  product  explains  the  large  amount  of  corrosion  due  to  seepage 
through  the  anchorage  and  conduit. 
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• tructi  the  end  anchor  system  of  beam  19  appar- 

ently aide.i  in  the  lack  f heavy  c rrosion  to  the  strands.  Photo  29 
sh  ws  the  Landward  end  anchorage  system,  which  consists  of  two  rings. 

The  inside  ring  contains  the  strands  that  have  butt  n heads  on  them,  and 
the  ■ uter  ring  is  rotated  to  apply  the  posttension  force  to  the  inner 
ring.  The  strands  only  come  in  contact  with  the  outside  environment 
through  the  holes  beneath  the  button  heads.  The  grout  is  pumped  thr  igh 
the  center  f the  inside  ring,  and  water  and  oxygen  must  penetrate  this 
gr  it  • • rr  ie  the  steel.  Water  entering  the  system  along  the  strands 

is  retarded  due  to  the  contact  pressure  of  the  button  head  against  the 
inner  steel  ring  at  the  end  of  the  strand.  The  seaward  end  anchorage 
system  is  the  same  as  that  shown  in  Photo  37  with  one  exception,  i.e., 
the  strands  are  tensioned  from  the  landward  end,  and  no  threaded  ring  is 
at  this  end. 


l8l.  Unlike  the  landward  end  anchorage  system  of  beam  19,  systems 
used  in  beams  13  and  15  had  no  barrier  to  moisture  entering  along  the 

strands  except  the  concrete  protective  ■ap 
that  is  cast  over  the  end  anchorage  system. 
As  shown  in  Figure  17,  the  strands  enter  the 
beam  through  the  large  rectangular  plate. 
There  is  no  pressure  fit  of  the  button  head 
at  this  point.  Consequently,  water  and  oxy- 
gen can  travel  along  the  strands  and  into 
the  conduit.  Photos  11  and  ll  show  the  in- 
side surface  of  this  type  anchor  plate  with 
the  corrosion  around  the  holes.  This  was 
the  only  instance  in  which  the  inside  face 

of  an  anchor  plate  was  corroded  in  the 

Figure  17.  Strands  . , 

middle. 

entering  beam  througn 
the  rectangular  plate 


X-P.ny  Pi f Tract i n (XRl)  Ann .yair 


182.  The  iron  oxide  scrapings  fr  m each  strand  w< 
;xai  Ln<  : : y XRD.  Also,  the  c r< sai  y-  : red  pie  :es  f ;r 


taken  to  be 
from  beam  15 
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were  analyzed  letermine  their  :hemieai  ;om]  sit ion.  fable  . presents 

results  of  the  analyses.  Both  alpha  Iron  and  magnetite  were  found  in 

every  beam.  These  are  not  rust  products  but  products  of  the  iron  that 

was  scraped  fr  m the  strand  along  with  the  rust.  Goethite  (FeO(OH) ) was 

found  on  every  sample  tested;  this  is  hydrated  iron  oxide  that  is  the 

main  product  of  rusting.  Along  with  these  iron  products,  there  were 

X-ray  peaks  that  indicated  the  presence  of  grout  and  quartz. 

i83.  Analysis  of  the  cream-colored  grout  sample  referred  to  in 

paragraph  80  revealed  that  the  grout  had  high  concentrations  if  calcite. 

This  was  probably  produced  by  water  reacting  with  calcium  hydroxide 

formed  during  hydration  of  the  cement  and  its  resulting  carbonation  to 

0 

form  calcium  carbonate. 

18-;.  Aluminum  chloride  has  its  strongest  peak  at  2 16  A.  Iron 
oxide  samples  from  beam  3 contain*  1 minerals  that  caused  a peak  at  216  A. 
It  was  concluded  that  this  peak  was  a result  of  chlorides  present  in  the 
beam  and  aluminum  added  to  the  grout  to  prevent  shrinkage. 
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Conclusions 


□.owing  paragraphs  present  the  c nclusi  b< 

drawn  based  on  the  results  of  the  testing. 

. ■ . En  a , Lght  posttensioned  beams  v<  ••  t trned  t th<  WES 
fr  m ’reat  Island.  Of  the  eight,  beams  3,  9,  13,  -9,  and  19  were  sub- 
jected to  1737  cycles  of  freezing  and  thawing  over  a period  of  12  win- 
. , and  beams  1,  6,  and  11  were  subjected  to  1873  :y  :les  f fre< zing 
and  thawing  over  a period  of  13  winters.  From  the  ; t • h ! ■ • .u- 


, 6, 

3.  10,  1 3.  i 

5,  and  L<  and  thi  resp<  :ti 

t aragraphs  describing 

their 

cond i tions , 

it  i ■'  ■ iuiv  : ' hat  ' her<  was 

heavy  : all:  :.p  f ' 

■ ncrete  that  : tected  ' r ■ I . 

This  resulted  in  the  steel  being  directly  exposed  to  the  corrosive 
marine  atmosphere  and  thus  being  furthi  r leteriorated  by  its  effects. 

The  heavy  spalling  was  due  t h<  facl  thal  t . ngitudinal  reinforce- 
ment was  only  protected  by  a 3/U-in.  cover  of  concreti  . j n , a 

3/1  -in.  • '.•■■■:•  : i no  : 1 i ■ ' : ■■  ' • ■ ' .■'■■■  ' n • 

exposure  to  seawater  and  the  action  f freezing  and  ‘ awing. 

137.  In  the  structural  testing  of  all  eigiit  beams,  only  one 
strand  broke  during  testing  (strand  3 of  beam  13),  and  subsequent  tc 
opening  the  beams,  only  five  pieces  of  strand  were  found  thal  n < 

conform  to  ASTM  ultimate  stress  requirements.'1  nlj  7 ; if  ••  strand 

Lied  to  meet  ASTM  requirements  for  total  elongati  n md<  r Load 
elongation  at  1 percent  of  load,  and  of  these  17,  eighl  w< r<  fr  n 
Landward  end  of  beam  13  (Table  5).  These  failures  account  for  only 
22  out  of  157  tests.  It  is  therefore  concluded  that  the  • mn  :.~ 

were  not  structurally  damaged  by  exp,  sure  to  severe  envitu  uments  ■_  f 
:’r-'  • u • i.awl  In  a ol  i.u  . r wh--:.  .7  ning 

Cjnduit  was  filled  with  a grout  i:.ixture  1.  protect  the  .-■•rand.-. 

188.  The  steel  of  beam  13  was  protect*  . by  a paper  :onduit 
wil  •■■■  ase.  The  results  of  observation  and  t sting  w<  l thal  th( 
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landward  end  of  this  beam  received  the  heaviest  amount  of  corrosion  and 
let  >ri  rat  n f thi  strand  Li am< ;ter . Als  , when  the  ■ nduil  « a; 
several  spots  on  the  paper'  conduit  were  torn,  and  many  areas  of  tiie 
- ' ■■  Is  w<  either  n t /ered  vi  i t ■ . greas  r wer<  ■ ver<  J with  Lri<  1- 

;rease.  : thesi  areas  f this  beam,  the  strands  were  the  m si 
:orr  Led  f ali  thi  strands  tested.  rom  thi:  and  the  results  f struc- 
' iral  testing  presented  in  rable  3,  if  is  concluded  that  the-  ; a;  i r 
conduit  filled  with  grease  provided  the  strands  with  the  least  amount 
: r tecti  from  - rros  1 on  during  the  Life  f the  : ■ 

189.  2ach  strand  of  each  beam  was  rusted  to  some  degree.  Para- 
graphs 36-138  and  Table  10  indicate  that  the  corrosion  was  not  confined 
to  the  ends  of  the  strands  on  any  beam.  Neither  was  the  corrosion 
concentrated  at  any  one  spot  but  was  continuously  spread  over  the  entire 
length  of  the  strands.  nly  in  the  :as<  beam  13  was  there  more  cor- 
rosion associated  with  the  ends  than  the  middle,  and  this  beam  was  pro- 
tected by  the  grease-filled  conduit.  Should  the  corrosion  have  been 
due  to  seepage  of  water  and  oxygen  through  the  ends  of  the  beam,  then 
the  rust  would  have  been  heaviest  in  these  areas.  It  is  concluded  that 
seepage  through  the  ends  of  the  beam  was  not  responsible  for  all  the 

xygen  and  water  that.  .1  rands  and  caused  corrosion.  Fur"  hi  r- 

more,  since  rust  was  found  in  the  joints  of  the  individual  sections  of 
the  conduit,  the  ingress  of  water  and  oxygen  occurred  here  also. 

190.  The  testing  and  evaluation  of  the  end  protective  caps  and 

plugs  yielded  the  following  conclusions.  The  best  protection  to  the  end 
anchorage  was  provided  by  the  epoxy  end  caps.  When  the  end  anchor:  gee 
were  sealed  inside  the  epoxy  caps,  they  were  not  subjected  to  air  r 
water  and  could  not  be  rusted.  These  en L eaj s als  pr  luced  thi  besl  re- 
sults in  the  visual  evaluation  of  external  end  caps.  : . t ■ xy  ■■■ . i.sja  t or.  ■ 
!aps_wer<  .o  ' I'".'  Is  ' : • ■■  p fr-  I.aw  W'  •:  I . 

191 . All  the  flush  anchorage  plugs  gave  excellent  resistance  t 

: 1 ' ■ . These  plugs  were  only  exposed  to  the  atmosph<  n thi  < nd: 

f 1 1 : ■ ams . ..  w r<  s irr  in  li  1 by  t hi  l < ams  themselves  sides. 

Beneath  two  f the  three  flush  anchorage  end  plugs,  the  anchorages  were 
rusted  and  corr  Led.  n<  thesi  wi  | xy  toncreti  ] ig  tl  I had 
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: r cons  Lidati  ar  ind  th  end  anchorage.  rom  this,  LI  L:  :onc  id 

that  since  the  flush  anchorage  plugs  were  surrounded  by  the  concrete  of 
: aras , ai  i sinci  th<  : ncret  :ai  in  - ntact  with  th<  end  anch  r 

Ifher  tl  plug  Stop J l,  th< flush  I r • • ••  • ■ : • ■"  '■ 

nly  -!.•  Well  as  the  c ■ncre*.--  ! '.  sol  ii-1. 

) . /aluation  ft!  four  methods  f joint  prepi  rat  Lon  bush 

hamm<  ring,  r<  tardi ng  agent,  ej  ■...  roating,  and  n preparati  n at  ... 
were  made  on  all  the  beams  that  had  Portland  cement  concrete  end  ■';[  s 
protecting  external  anchorages . Ibis  included  .'  Lnts  f th<  ■ nt: 

Ln  the  b<  :ams . Sixt  n f thes<  j Lnts  f ir  eacl  f th<  f ir  metl 
had  no  reinforcement  between  the  beam  and  the  end  cap,  and  eight  joints 
(four  each  from  the  bush  hammered  preparation  and  no  preparal  ion  met 
ha  : reinf  rcing  bars  t aid  in  thi  maintenance  th<  end  :aps. 

two  types  of  construction,  wi  t r<  inf  r u m<  nt  in  3 wi  t h it  r<  inf  nt  , 

there  were  no  end  cap  failures  with  the  reinforcement  , and 

fail  ires  with  • ■ ■ n - • ■: . • . Als  , w ith  respect  t th<  Lural 

of  the  method  of  joint  preparation  against  failure  by  freezing  and 
thawing,  t he  r tarding  •’  ■ n : 

remaining  methods  of  protection. 

193.  The  end  anchorages  were,  in  most  cases,  mor  Let  rated 
than  the  strands  that  they  protected.  Also,  the  landward  end  anch  rt  -• 
plates  were  more  corroded  than  the  seaward  end  anchorages,  indicating 
that  the  environment  to  which  the  anchorage  plates  were  sub,'  :1 
more  severe  than  that  to  which  the  strands  were  subjected  and  that  the 
anchorage  plates  afforded  g i prol  :ti  n from  1 pagi  awal 

It  is  concluded  from  the  condition  of  t he  ' ran  Is  ' hat  : :..:.s 

tern  of  bear,  13,  the  worst  protection. 

Bond  between  grout  and  steel 

19U.  The  bond  characteristics  of  th<  beams  w<  r noted  1 r igl 
thi  tests.  Whei  the  b«  an  w r<  pel  after  being  failed,  th<  t nd  be- 
tween the  grout  and  the  steel  was  found  to  be  good.  It  was  observed 
that  the  pieces  of  grout  stuck  to  the  strands  of  steel  even  though  they 
were  cracked  during  the  failure  of  the  beam  and  the  opening  of  the 
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conduit.  When  the  grout  was  removed,  the  rust  spots  on  the  interface 
between  it  and  the  steel  matched  the  amount  of  rust  on  the  steel.  Also, 
the  heavier  amounts  of  pitting  on  the  steel  provided  better  bond  be- 
tween the  two  materials.  Thus,  it  is  concluded  that  the  bond  between 
the  grout  and  steel  was  improved  by  the  presence  of  the  rust  and  pitting. 

195.  The  remaining  posttensioning  forces  in  the  steel  were  held 
by  the  bond  between  the  steel  and  the  grout  and  were  not  released  until 
the  conduit  was  cut,  relieving  the  constraining  forces  of  the  conduit. 
Since  the  conduit  of  beam  13  was  filled  with  grease,  it  is  concluded 
that  no  residual  forces  were  held  in  the  posttensioning  steel  of  beam  13. 

Chemical  analysis  of 
grout  and  corrosion  products 

196.  The  chemical  analysis  of  the  grout  samples  taken  from  each 
conduit  within  the  beam  revealed  less  than  0.02  percent  chlorides  in  the 
chloride  tests.  This  test  indicated  the  presence  of  only  trace  amounts 
of  chlorides.  The  tests  for  sodium  and  potassium  showed  0.07  percent 
sodium  and  0.15  percent  potassium.  These  amounts  of  alkalies  totaled 

to  constitute  0.1687  percent  soda,  which  is  well  within  the  expected 
range  for  type  III  portland  cement10  and  did  not  indicate  the  presence 
of  excess  sodium  or  potassium  chloride.  The  grout  samples  were  also 
checked  for  pH.  The  results  showed  that  the  pH  of  the  grout  was  in  the 
vicinity  of  12.5,  which  is  normal  for  grout  that  has  very  small  amounts 
of  chlorides  present. 

197.  X-ray  diffraction  analysis  of  the  rust  scraped  from  the 
strands  indicated  the  presence  of  alpha  iron,  goethite,  and  magnetite. 

No  iron  chloride  was  reported,  and  the  analysis  showed  small  amounts  of 
aluminum  chloride. 

198.  From  the  above  results,  it  is  concluded  that  there  were  not 
enough  chlorides  present  in  the  grout  to  be  the  main  factor  that  caused 
the  corrosion  on  the  strands. 

199-  Since  there  was  rusting  of  the  strands  in  all  the  beams,  it 
is  certain  that  water,  oxygen,  and  some  mechanism  to  destroy  the  passi- 
vating protective  film  on  the  steel  were  present.  Also,  since  the 
chloride  content  of  the  grout  was  so  low,  it  is  concluded  that  the  water 


that  caused  corrosion  to  the  strands  was  due  to  excess  mixing  water 
resent  in  the  grout  when  it  was  pumped  into  the  conduit  and  not  to 
seawater  that  seeped  into  the  conduit.  Further,  since  some  method  of 
reducing  the  passivating  film  of  the  steel  was  necessary,  and  since  this 
could  not  be  attributed  to  the  presence  of  salts  in  the  grout,  it  is 
concluded  that  a galvanic  current  was  set  up  between  the  two  different 
concentrations  of  salt  in  the  concrete  and  grout,  thus  producing  the 
mechanism  necessary  to  destroy  the  passivating  film  on  the  steel. 

200.  Since  there  was  evidence  of  strand-to-strand  and  strand-to- 
conduit  contact,  and  since  in  most  cases  the  strands  were  closer  to  one 
side  of  the  conduit  than  to  the  other,  there  is  a need  for  some  type  of 
noncorrosive  spacer  that  will  effectively  separate  the  strands  and  keep 
them  away  from  the  side  of  the  conduit. 

Recommendations 

201.  From  the  material  and  data  gathered  in  the  posttensioned 

1 2 

concrete  beam  investigation  ’ and  the  results  of  this  phase  of  the 
investigation,  it  is  considered  that  further  active  study  of  the  post- 
tensioned beams  would  not  yield  more  pertinent  information. 

202.  The  remaining  beams  should  be  left  at  the  exposure  station 

to  continue  weathering  and  to  provide  specimens  for  future  investigations 
should  they  be  needed. 
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Table  1 

Mixtures  Used  to  Fabricate 
Posttensioned  Beams 


A.  Beams  Proper 

(excluding  the  grout  and  anchorage  protection) 

Cement 

Max 

Size 

Aggre- 

gate 

in. 

Air 

Con- 

tent 

at 

/o 

Water-Cement 
Ratio  (by  Wt)* 

Slump 

in. 

Cement 
Factor 
bags*/ 
cu  yd 

Nominal 

Compressive 

Strength 

psi 

(28  Days  Age) 

Type  III 

( high-ear ly- 
strength) 

3A 

4.0- 

5.0 

0.52 

(5.85  gal /bag) 

1-1/2 

to  2 

5.98- 

6.05 

6000 

B.  Anchorage  Protection  (excluding  epoxy  mixture) 

Cement 

Max 

Size 

Aggre- 

gate 

in. 

Air 

Con- 

tent 

Of 

/■> 

Water-Cement 
Ratio  (by  Wt)* 

Slump 

in. 

Cement 
Factor 
bags*/ 
cu  yd 

Nominal 

Compressive 

Strength 

psi 

(28  Days  Age) 

Type  III 

( high-ear ly- 
strength ) 

3/4 

3.5- 

5-0 

0.80 

(9.03  gal/bag) 

1-1/4 

to  2 

3.90- 

3.96 

3000 

C.  Epoxy  Concrete  Protection 

Max  Size 
Aggre- 

Cernent  gate,  in. 

Mixture  Proportions  (by  Wt), 
Epoxy  Binder: Sand :A^^te 

Compressive 
Strength,  psi 
(28  Days  Age) 

None  3/4 

2.83:7.00:10.00 

9,320-11,320 

D.  Mortar  Mixtures 

Cement 

Max  Size 
Aggre- 
gate, in. 

Water-Cement 
Ratio  (by  Wt )* 

Cement 

bags* 

Factor 
/cu  yd 

Compressive 
Strength,  psi 
(28  Days  Age) 

Type  III 

( high-ear ly- 
strength) 

100%  passing 
No.  4 sieve 

0.44 

(4.95  gal/bag) 

10 

.90 

7710-7800 

(Continued) 

One  bag  = 94  lb  of  cement  = 0 . U53592U  kg  (mass). 


Table  1 (Concluded) 


1 


E.  Crout  Mixtures 


Type  111 
( high -early* 
strength ) 


Water  Cement 
,Uti  (by  Wt'* 

).t0-0.<*9 

(<*.51-5.53 


Compressive 
strength,  psi 
(Y  bays  Age) 


Linear 

Expansion,  % 
( 3 Days  Age ) 


37I4O-6I43O 


0-7 


tl/bag ) 


N.,te  ; 


Al . gr  >ut.  were  neat  cement  grouts  except  that  used 
f r IU,  which  was  a natural  sand  grout  (100  per- 

•ent  passing  No.  30  sieve).  All  of  the  grouts  con- 
taine  i u small  amount  of  aluminum  powder  (l  to  3 g per 
bag  of  cement ) . 


Table  2 

General  Information,  Posttensioned  Beams  at  Treat  Island 
(|  Installed  June  lj6l) 


Beam  No. 

Post- 

tensioning 

System 

Eccentricity 
of  Tendon 
in. 

Estimated  Final 
Posttensioning 
Force , tons 

Type  of  End  Protec- 
tion (See  Note) 
Landward  Seaward 
End  End 

1* 

A 

0 

23 

Flush  (1) 

Ext  (5) 

2 

A 

0 

23 

Ext  (4) 

Ext  (2) 

3* 

A 

3 

23 

Ext  (3) 

Ext  (l) 

4 

A 

2 

23 

Ext  (7) 

Flush  (7) 

5 

A 

2 

23 

Ext  (6) 

Flush  (6) 

6* 

A 

1 

23 

Flush  (9) 

Ext  (8) 

7 

B 

0 

26 

Ext  (1) 

Flush  (1) 

8 

B 

2 

26 

Ext  (2) 

Ext  (4) 

9* 

B 

3 

26 

Ext  (3) 

Ext  (5) 

10 

B 

3 

26 

Flush  (6) 

Ext  (6) 

11* 

B 

1 

26 

Flush  (7) 

Ext  (7) 

12 

B 

1 

26 

Ext  (8) 

Flush  (9) 

13* 

C 

0 

30 

Ext  (1) 

Ext  (3) 

14 

C 

1 

30 

Ext  (2) 

Ext  (4) 

15* 

C 

3 

30 

Ext  (5) 

Ext  (6) 

16 

C 

2 

30 

Ext  (7) 

Ext  (8) 

17 

D 

3 

42 

Ext  (1) 

Ext  (3) 

18 

D 

0 

42 

Ext  (4) 

Ext  (2) 

19* 

D 

2 

42 

Ext  (5) 

Ext  (6) 

20 

D 

4 

42 

Ext  (8) 

Ext  (7) 

Note : Concrete  placed  against  a cold  joint  with  no_  surface  treatment 

and  no  reinforcement  (Ext  (l)  and  Flush  (l)7T 

Concrete  placed  against  a cold  .joint  with  no  surface  treatment 
but  with  reinforcement  (Ext  (2)). 

Concrete  placed  against  a bush-hammered  surface  and  with  no 
reinforcement  (Ext  (3))» 

Concrete  placed  against  a bush-hammered  surface  but  with 
reinforcement  (Ext  (4)). 

Concrete  placed  against  a surface  that  had  been  treated  with  a 
retarding  agent  and  no  reinforcement  (Ext  (5)). 

ConcreteboS^  to  the  ends  of  the  beam  with  an  epoxy  adhesive 
and  no  reinforcement  (Ext  (6)  and  Flush  (6)). 

Epoxy  concrete  without  reinforcement  (Ext  (7)  and  Flush  (7)). 

Epoxy  concrete  with  reinforcement  (Ext  (8)). 

Sand-cement  mortar  with  aluminum  powder  additive,  comparatively 
dry  and  well  tamped  (Flush  (9))* 

* Beams  were  examined  in  the  laboratory.  The  tendon  in  beam  13  was 
found  to  be  unbonded  and  coated  (not  grouted). 


Table  3 


Post  tensioning.  Systems  Used. 


No. 

Method 

Initial 

Estimated 

Final 

of 

of 

Postten- 

Postten- 

Beams 

Anchor- 

sioning 

sioning 

System  Tested 

Type  of  Tendon 

Force , tons 

Force,  tons 

A 

3 

12  steel  wires 
(each  0.196-in. 
diam) 

Wedge 

action 

42 

23 

B 

2 

1 steel  bar 

(7/8-in.  diam) 

Direct 

bearing 

35 

26 

i 

2* 

8 steel  wires 
(each  l/4-in. 
diam) 

Direct 

bearing 

35 

30 

D 

1 

12  steel  wires 

Direct 

50 

42 

(each  l/4-in.  bearing 

diam) 


| 


* One  of  these  tendons  was  unbonded  and  coated  with  a mineral  grease 
(beam  13) . 
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Beam-  Load  Stress  Elongation  Elongation  Load  Stress  Elongation  Elongation  Load  Stress  Elongation  Elongation 
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Did  not  meet  A5TM  requirements  for  total  elongation  under  load. 

Did  not  meet  ASTM  stress  requirements  for  elongation  at  1 percent  of  load. 
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Did  not  meet  ASTM  requirements  for  total  elongation  under  load. 


Table  6 

Water  Content  of  Grout 


Sample  Weight . 


Moisture 


7o  Water  Content 

pht  of  Moisture  Loss 


Beam-End 

Wet 

Dry 

Loss,  g 

\ Weight  of  Wet  Sam 

1-L 

15.9583 

13.5^18 

2.1+165 

15. 11* 

1-M 

18.1267 

15.7762 

2.6505 

ii* . 38 

1-S 

10.6162 

8.9869 

1.6293 

15.35 

6-L 

9.7091 

8.1991 

1.5100 

15.55 

6-m 

16.9U62 

11+.2036 

2.71*26 

16.18 

6-s 

9.1*832 

8.0577 

1.1*255 

15.03 

ll-L 

9- 1521+ 

7.1*333 

1.7191 

18.78 

11-M 

11.5868 

9.6103 

1.9765 

17.06 

11-S 

9.9681 

8 . 3ll*l+ 

1.6537 

16.59 

Table  7 

Strand  Diameters 


Beam-Strand 
No. 


3-1 


3-2 


3-3 


3-k 


3-5 


3-6 


3-7 


Distance 

from  End 

of  Strand 

Diameter,  in. 

in. 

Landward  End 

Midspan 

Seaward  End 

2 

1+ 

6 

8 

10 

2 

1* 

6 

8 

10 

2 

1* 

6 

8 

10 

2 

It 

6 

8 

10 

2 

It 

6 

8 

10 

2 

It 

6 

8 

10 


0.191  0.191 

o.  19U  0.19I4 

" 

0.195  0.195 

O.19I4  O.19I4 

0.191  0.191 

'' 

O.19I4  O.19I4 

" 


2 

It 

6 

8 

10 


0.191 


0.191 


0.191 


O.19I4 

' 

0.195 

" 

O.19I4 
0.195 
O.19I+ 
0. 19I4 
O.19I4 

0.191 

" 

0.19^ 


0.191 

0.192 

0.191 

0.191 

0.191 


( Continued ) 
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Table  7 (Continued) 


Beam-Strand 

No. 


3-8 


3-9 


3-10 


3-11 


3-12 


9-1 


13-1 


Distance 
from  End 
of  Strand 

Diameter,  in. 

in. 

Landward  End 

Midspan 

2 

0.191 

0.191 

1* 

6 

8 

10 

( 

2 

0.195 

0.195 

1+ 

6 

8 

10 

T 

2 

0.191 

0.191 

1+ 

6 

8 

10 

2 

o.: 

191 

0.191 

It 

6 

8 

10 

' 

2 

0.195 

0.195 

It 

6 

8 

10 

T 

6 

0. 

895 

0. 89!+-0. 896 

12 

0.896 

18 

0.898 

2h 

0. 

895 

30 

0.896 

2 

0.2U7 

0. 2U7 

It 

0. 

2U7 

6 

0. 

21*6 

8 

0.21(6 

10 

0. 

2U7 

(Continued) 


Seaward  End 
0.191 

0.195 

0.191 

0.191 

0.195 

" 

Seaward  end 
of  rod 
bent , no 
reading 

0.2U8 
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Table  7 (Continued) 


Distance 
from  End 

Beam-Strand  of  Strand  Diameter,  in. 


No. 

in. 

Landward  End 

Midspan 

Seaward  End 

13-2 

2 

0. 21+5 

0.21*7 

0.21*8 

h 

O.2I47 

6 

0. 2U7 

8 

0.2147 

10 

O.2I47 

1 

13-3 

2 

0.21*1* 

0.21*8 

0.21*9 

1+ 

0.21*7 

0.21*9 

6 

0.2L8 

0.21+9 

8 

0.2l*8 

0.21*8 

10 

0.21*8 

0.21*8 

13-1* 

2 

0.21*6 

0.21*7-0.21*8 

0.21*8 

0.21*7 

6 

0.21*7 

8 

0.21*7 

10 

0.21*7 

13-5 

2 

0.2l*l* 

0.21*7-0.21*8 

0.21*8 

it 

0.21*6 

0.21*6 

6 

0.21*6 

0.2l*7 

8 

0.21+6 

0.21*8 

10 

0.21*6 

0.21*8 

13-6 

2 

0.21*7 

0.2l*8 

0.21*8 

it 

0.2l*7 

6 

0.2L6 

8 

0.21+7 

10 

0.21+7 

I 

13-7 

2 

0.21+7 

0.21*8 

0.21+8 

it 

0.21*7 

6 

0.21*7 

8 

0.21+5 

10 

0.21*6 

13-8 

2 

0.21+5 

0.21*8 

0.21*9 

it 

0.21*5 

6 

0.21*8 

8 

0.21*8 

10 

0.2l*8 

(Continued) 
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Table  7 (Continued) 


Beam-Strand 

No. 


Distance 
from  End 
of  Strand 


Landward  End 


Diameter,  in. 
Midspan 


Seaward  End 


0.21+9 


0.21+9 


0.2149 


O.2I49 


0.21+9 


O.2I49 


0.2U9 


O.2U9 


O.2I49 


O.2I49 


0.21*9 


0.2l*9 


0.21*9 


0.2l*9 


0.2l*9 


0.2l*9 

0.21+9 

0.21*9 

0.2l*9 

0.21+8 

0 . 2U9 


0.21*9 


0.21+9 


0.2l*9 


O.2U9 


(Continued) 
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Table  7 (Continued) 


Beam-Strand 

No. 

15-8 


19-1 


19-2 


19-3 


19-*+ 


19-5 


19-6 


Distance 
from  End 
of  Strand 
in. 

2 

1* 

6 

8 

10 

2 

1* 

6 

8 

10 

2 

6 

8 

10 

2 

1+ 

6 

8 

10 

2 

1+ 

6 

8 

10 

2 

It 

6 

8 

10 

2 

It 

6 

8 

10 


Landward  End 


0.2*t9 


0.25*+ 


0.25*+ 


* 

0.25*+ 


* 

0.25*+ 


♦ 

0.25*+ 


0.25*+ 


Diameter,  in. 


(Continued) 


Midspan 


0.2*+9 


0.25*+ 


0.25*+ 


0.25*+ 


0.25*+ 


0.25*4 


0.25*+ 


Seaward  End 
0.2*+9 

" 

0.25*+ 


0.25*+ 


0.25*+ 


t 

0.25*+ 


0.25*+ 


0.25*+ 
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Table  7 (Continued) 


r 


Beam-Strand 
No. 


Distance 
from  End 

of  Strand  Diameter,  in. 

in.  Landward  End  Midspan  Seaward  End 


19-7  2 

it 
6 
8 

10 

19-8  2 

It 
6 
8 

10 

19-9  2 

It 
6 
8 

10 

19-10  2 

It 
6 
8 

10 

19-11  2 

It 
8 
6 

10 

19-12  2 

It 
6 
8 

10 

1-1  2 

It 
6 
8 

10 


0.25*+ 


0.25*+ 


0.25*+ 

" 

0.25*+ 

" 

0.25*+ 

" 

0.25*+ 

0.191 

0.191 

0.192 

0.191 

0.191 


0.25*+  0.25*+ 

" 

0.25*+  O.25I+ 


0.25*+  0.25*+ 


t 
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Table  7 (Continued) 


| j 
| 1 


Beam-Strand 

No. 

1-2 


1-3 


1-U 


1-5 


1-6 


1-7 


1-8 


Distance 
from  End 
of  Strand 
in. 

2 

1* 

6 

8 

10 

2 

h 

6 

8 

10 

2 

h 

6 

8 

10 

2 

6 

8 

10 

2 

1* 

6 

8 

10 

2 

4 

6 

8 

10 

2 

1* 

6 

8 

10 


Landward  End 

0.192 

0.191 

0.191 

0.191 

0.191 

0.192 


0.191 


0.191 

0.192 

0.192 

0.191 

0.192 

0.191 


♦ 

0.191 


t 

0.192 

0.192 

0.192 

0.192 

0.191 


Diameter , in. 


Midspan 


0.191 


0.191-0.192 


0.191-0.192 


0.190-0.192 


0.191 


0.191 


0.191 


(Continued) 


Seaward  End 


0.191 


t 

0.191 


1 

0.191 

0.192 

0.192 

0.191 

0.191 

0.191 

0.192 

0.191 

0.191 

0.190 

0.191 


0.191 


t 

0.191 
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Table  7 (Concluded) 


Beam-Strand 

No. 


Distance 
from  End 
of  Strand 
in. 


Diameter,  in. 


Landward  End 


Midspan 


Seaward  End 


Table  8 

Density  of  Grout  Samples 


j 


: 


I 


i 


! 


Weight 


Sample 

S 

3L-1 

27.01 

3L-2 

22.73 

3L-3 

28.81 

3M-1 

18.53 

3M-2 

20.38 

3M-3 

16.05 

3S-1 

25.20 

3S-2 

15.76 

3S-3 

20.18 

9L-1 

22.46 

9L-2 

24.93 

9L-3 

23.73 

9M-1 

30.47 

9M-2 

33.57 

9M-3 

23.77 

9S-1 

25.15 

9S-2 

28.91 

9S-3 

31.74 

15L-1 

19.13 

15L-2 

17.16 

15L-3 

21.27 

15M-1 

16.62 

15M-2 

21.30 

15M-3 

21.59 

15S-1 

19.86 

15S-2 

20.55 

15S-3 

22.19 

19L-1 

24.87 

19L-2 

20.76 

19L-3 

22.90 

19M-1 

21.02 

19M-2 

26.95 

19M-3 

24.71 

Volume 

cm3 

Density 

g/ cm3 

Beam  3 

13.6 

1.986 

11.8 

1.926 

14.7 

1.960 

9.8 

1.891 

10.5 

1.941 

8.0 

2.006 

12.9 

1.953 

8.0 

1.970 

10.4 

1.940 

Beam  9 

11.9 

1.887 

13.0 

1.918 

12.1 

1.961 

15.2 

2.004 

17.3 

1.940 

12.3 

1.933 

12.6 

1.996 

14.7 

1.966 

16.0 

1.984 

Beam  15 

9-9 

1.932 

8.9 

1.928 

11.0 

1.934 

8.5 

1.955 

10.9 

1.954 

11.2 

1.928 

10.0 

1.986 

10.9 

1.886 

11.5 

1.930 

Beam  19 

12.9 

1.928 

10.9 

1.905 

12.0 

1.908 

11.0 

1.911 

l4 . 0 

1.925 

12.9 

1.916 

Average  Density 
g/cm3  lb/ ft3 

1.957  122.19 
1.946  121.^9 
1.954  122.01 

1.922  119-99 
1.959  122.30 
1.982  123.73 

1.931  120.57 
1.946  121.46 
1.934  120.74 

1.914  119-47 
1.917  119.70 


(Continued) 
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Sample 

Weight 

g 

Volume 
cm  3 

Density 
g/ cm3 

Average 

g/cm3 

Density 

lb/ft3 

Beam  19 

(Continued) 

19S-1 

2k. J9 

13.0 

1.907 

19S-2 

27.60 

lU.6 

1.890 

1.907 

119.03 

19S-3 

23.08 

12.0 

1.923 

Beam  1 

1L-1 

20. U0 

10.3 

1.981 

1L-2 

21.20 

11.0 

1.928 

1.950 

121.71* 

1L-3 

19-22 

9-9 

1.91*1 

1M-1 

19-63 

9.9 

1.983 

1M-2 

19.38 

10.1 

1.918 

1.959 

122.32 

1M-3 

19.97 

10.1 

1.977 

1S-1 

19.85 

10.1 

1.966 

1S-2 

19-73 

10.8 

1.828 

1.923 

120.07 

1S-3 

20.35 

10.3 

1.976 

Beam  6 

6L-1 

20.19 

9-9 

2.0l*0 

6L-2 

19.58 

9-8 

1.998 

2.015 

125.82 

6l-3 

19.88 

9-9 

2.008 

6m-i 

20. bO 

10.5 

1.91*2 

6m-2 

20.32 

10.7 

1.899 

1.925 

120.18 

6m- 3 

19-53 

10.1 

1.931* 

6s-i 

20.32 

10.2 

1.992 

6S-2 

20.16 

10.1* 

1.938 

1.960 

122.38 

6S-3 

18.52 

9-1* 

1.9^9 

Beam  11 

11L-1 

20.86 

11.0 

I.896 

11L-2 

18.55 

10.0 

1.855 

1.893 

118.20 

| 11L-3 

19  M 

10.1 

1.929 

11M-1 

19. bO 

10.0 

1.937 

11M-2 

19-97 

10.2 

1.958 

1.933 

120.69 

11M-3 

20.20 

10.6 

1.905 

11S-1 

20.51 

10.6 

1.935 

11S-2 

19-014 

9-9 

1.923 

1.939 

121.07 

11S-3 

19.60 

10.0 

1.960 

Table  9 
pH  of  Grout 


Beam-End 

pH 

Beam-End 

PH 

1-L 

12.1+1+ 

11-L 

12.1+2 

1-M 

12.1+ 1* 

11-M 

12.1+2 

1-S 

12.1+5 

11-S 

12.1+2 

3-L 

12.65 

15-L 

12.1+3 

3-M 

12.86 

15-M 

12.38 

3-S 

12.90 

15-S 

12.58 

6-L 

12.1+2 

19-L 

12.13 

6-m 

12.1+0 

19-M 

12.18 

6-s 

12.1+7 

19-S 

12.21 

9-L 

12.58 

9-M 

12.50 

9-S 

12.61 

i 
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Summary  of  Corrosion  Intensities 


Table  10  (Continued) 
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Table  11 

Constituents  of  Iron  Oxide  Samples 


!« 


Strand 

No. 

Alpha 

Iron 

Magnetite 

Goethite  Grout  Quartz  Hematite 

Beam  3 

3-1 

X 

X 

X 

X 

3-2 

X 

X 

X 

X 

3-3 

X 

X 

3-1+ 

X 

X 

X 

3-5 

X 

X 

3-6 

X 

X 

X 

3-7 

X 

X 

X 

3-8 

X 

X 

X 

3-9 

X 

X 

X 

3-10 

X 

X 

X 

3-11 

X 

X 

X 

X 

3-12 

X 

X 

Beam  9 

9-1 

X 

X 

Beam  13 

X 

13-1 

X 

X 

X* 

13-2 

X 

X 

13-3 

X 

X 

13-1+ 

X 

X 

13-5 

X 

X 

X 

13-6 

X 

X 

13-7 

X 

X 

13-8 

X 

X 

(Continued) 

Note:  X indicates  presence. 

* Identified  on  the  basis  of  one  peak. 
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Table  11  (Concluded) 


Strand 

No. 

Alpha 

Iron 

Magnetite 

Goethite 

Grout 

CaC03 

Quartz 

Hematite 

Beam  15 

15-1 

X 

X 

X 

X 

X 

15-2 

X 

X 

X 

X 

X 

15-3 

X 

X 

X 

X 

X 

15-4 

X 

X 

X 

X 

X 

X 

15-5 

X 

X 

X 

X 

X 

15-6 

X 

X 

X 

X 

X 

X 

15-7 

X 

X 

X 

X 

X 

X* 

15-8 

X 

X 

X 

X 

X 

Beam  19 

19-1 

X 

X 

X 

X 

X 

19-2 

X 

X 

X 

X 

X 

19-3 

X 

X 

X 

X 

X 

19-4 

X 

X 

X 

X 

X 

19-5 

X 

X 

X 

X 

X 

19-6 

X 

X 

X 

X 

X 

X 

19-7 

X 

X 

X 

X 

X 

19-8 

X 

X 

X 

X 

X 

X 

19-9 

X 

X 

X 

X 

X 

19-10 

X 

X 

X 

X 

X 

19-11 

X 

X 

X 

X 

X 

19-12 

X 

X 

X 

X 

X 

* Identified  on  the  basis  of  one  peak. 


Photo  1.  Corrosion  to  Photo  2.  Condition  of  steel 

strands  of  the  land-  of  the  seaward  end  anchorage 

ward  end  anchorage  of  heara  3 

beam  3 
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Photo  3.  Heavy  rusting  Photo  U.  Grout  in  the  landward  end  housing 

to  outside  of  the  land-  of  beam  9 leaving  cavity  between  housing  and 

ward  end  anchorage  plate  conduit 

in  beam  9 


BEAM 


9 


LAND  WD 


L' 


Photo  5.  Grout  from  the  landward  end  of  conduit 

in  beam  9 


Photo  6.  Grout  pieces  from  bottom  of  conduit 
in  beam  9 thicker  and  more  elongated  than  those 
from  top  of  conduit  due  to  thicker  grout  cover 
on  bottom 
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Photo  7.  Central  section  of  bottom  of  conduit  in 
beam  9 and  its  pieces  of  grout 


Photo  8.  Seaward  end  of  conduit  in  beam  9 at  the  funnel 
housing  and  an  isolated  patch  of  heavy  rust 
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Photo  9.  Condition  of  the  seaward  end  anchor  of  bear.  9 


Photo  10.  Grout  around  the  ends  of 
strands  in  beam  13  discolored  by- 
rust 


Photo  11.  Edges  of  the  landward 
end  anchor  of  beam  13  lightly  to 
moderately  rusted.  Note  heavy  rust 
to  strands  and  broken  strand  just 
inside  end  plate 


Photo  12.  Paper-type  wrapping  in  beam  13  torn, 
exposing  grease  and  strands 
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Photo  13.  General  view  of  strands  in  beam  13  showing 
rusted  areas,  and  moist  and  dry  grease 


Ph  1 . Strand  in  beam  13  so  badly  rusted  that  it 

br  Ice  about  5/8  in.  from  inside  face  of  the  end 

anchorage 


Photo  16.  Inside  face  of  the  sea- 
ward  anchorage  of  beam  13  exhibit' 
ing  tarnishing  and  pitting 


Photo  15.  Heavy  rusting  to  round 
anchor  plate  on  outside  face  of 
the  seaward  end  of  beam  13 


Photo  IT-  Heavy  rusting  on  the  in- 
side face  of  the  seaward  anchorage 
of  beam  13  where  strands  passed 
through  the  plate 


Photo  18 . Outside  of  the  landward 
end  anchorage  of  beam  15  showing 
extent  of  rust  and  concrete  cover 


Photo  19.  Detail  of  Photo  18  shov- 
ing how  surface  of  steel  was  rusted 
under  the  concrete  cover 


Photo  20.  In  beam  15,  portion  of  conduit  at  the  land 
ward  end  that  was  heavily  rusted  with  tiny  pitting 

rust  spots 
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Photo  21.  Strands  beneath  the  landward  end  housing  in 
beam  15  with  moderate  rust  cover 


Photo  22.  Weak  grout  and  lustrous  conduit  beneath  the 
seaward  end  housing  in  beam  15 


Photo  23.  Grout  at  the  seaward  end  in  beam  15  just 
after  conduit  was  opened.  Note  longitudinal  crack, 
Leving  the  remaining  stress  in  the  steel 
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Condition  of  the  strands  beneath  t 
beam  15  showing  light  rust  cover 


Photo  26.  Grout  at  top  of  conduit  near  the  land- 
ward end  of  beam  15.  Note  thin  grout  due  to  close- 
ness of  strands  to  top  of  conduit 


Photo  28.  Grout  from  conduit  at  the  seaward  end 
of  beam  15.  Note  milky  white  powder  (calcium 
carbonate)  covering  grout  and  area  of  conduit 
from  which  the  grout  was  taken 


Photo  27.  Off-center  orien- 
tation of  strands  of  beam  15 
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Photo  30.  Heavy  scarring  and 
tarnishing  on  inside  of  the 
landward  end  anchorage  plate 
of  beam  19-  Note  light  rust- 
ing with  patches  of  heavy 
rusting 


Photo  31.  Grout  beneath  the  seaward  end  funnel 
housing  of  beam  19  with  less  than  30  percent 
coverage  of  rust 


Photo  29.  Heavy  corrosion  to  the 
landward  end  anchorage  of  beam  19. 
Note  rusted  and  flaked  metal 
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Photo  32.  Heavily  rust-stained  grout  beneath 
conduit  at  the  seaward  end  of  beam  19 


Photo  33.  Air  voids  found  at  the  grout-conduit 
interface  of  central  section  of  beam  19 


Photo  37.  Heavy  rust  on  outside 
face  of  the  seaward  anchorage  and 
strands  in  beam  19 


Photo  3o.  Strands  at  the  landward  end  housing  m 
beam  19.  Note  light  to  moderate  rust  with  light 
pitting  and  small  spots  of  heavy  rust 


Photo  38.  Inside  face  of  the 
seaward  end  anchorage  plate  in 
beam  19.  Note  heavy  tarnish- 
ing and  moderate  pitting  but 
no  rust 


Photo  39.  Detail  of  beam  used  in  the  second  investing 
tion  showing  moisture  on  the  surface  of  the  concrete 
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UO,  Pools  of  water  around  the  conventional  re  in- 
i’ r cement  >f  beams  used  in  the  second  investigate  n 


Photo  1*7.  Midsection  of  conduit  in  beam  6 showing 
heavily  corroded  areas  with  holes  when  conduit 
had  completely  deteriorated 


Photo  1+8.  Inside  of  conduit  at  the  end  of  beam  6. 
Note  metallic  luster  still  present  on  inside 


Photo  U9.  Inside  of  midsection  of  conduit  in  beam  6. 
Note  rust  on  joints  heavier  and  unrusted  surface  less 
lustrous  than  at  ends  (Photo  i+8 ) 


Photo  50.  Landward  end  of  conduit  in  beam  6 immediately 
after  it  was  cut  from  conduit.  Note  closeness  of  indi- 
vidual strands  to  outside  of  conduit  and  contact  of  some 
strands  with  other  strands  and  inside  of  the  conduit 
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Photo  53.  Steel  coils  of  the  seaward  end  anchorage  of 
beam  6 lightly  rusted  at  some  spots  and  lustrous  and 
unpitted  in  other  areas 


Photo  5U . Poor  compaction  of  the  epoxy  concrete  end 
anchorage  protection  at  the  landward  end  of  beam  11 
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Photo  57.  Inside  face  of  the  landward 
end  anchorage  plate  of  team  11  not 
rusted  but  heavily  tarnished 


Photo  58.  Highly  lustrous  condition  of  the  conduit  of 
beam  LI,  showing  no  rust  and  lack  of  any  cemenl  1 nded 
to  the  surface  of  the  metal 
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Photo  59.  Rust  on  the  bottoms  of  the  funnel  housing 
and  conduit  of  beam  11  and  pieces  of  grout  that 
penetrated  into  the  funnel  housing 


Photo  60.  Bottom  half  of  conduit  in  beam  11.  Note  bor 
der  areas  on  both  sides  of  1-in. -wide  strip  of  rust 


Photo  6l.  Rust  on  threads  where  grout  from  inside  con- 
duit in  beam  11  came  through  the  holes  in  the  seaward 
end  anchorage  plate  and  washers.  Note  outside  face  of 
plate  lightly  rusted  at  top  and  free  of  rust  at  bottom 


Photo  62.  Detail  of  the  seaward  end 
anchorage  plate  in  beam  11  not  very 
rusted  except  at  hole 
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Beam  3 

1.  Beam  3 had  no  spalled  areas  at  the  supports  and  therefore  re- 
quired no  patching  for  structural  testing.  The  loading  rate  for  the  beam 
was  2,000  lb/min.  First  cracking  was  observed  at  a load  of  Ul,357  lb, 
and  the  midspan  deflection  was  0.1L5  in.  Photo  A1  shows  the  series  of 
crack  patterns  from  zero  load  to  ultimate  load.  The  beam  failed  at  an 
ultimate  load  of  78,928  lb  in  flexural  shear  at  the  landward  end.  The 
final  midspan  deflection  was  0.600  in.  Even  though  there  was  ample 
warning  that  the  beam  was  failing,  the  actual  failure  occurred  instanta- 
neously (Photo  A2).  When  the  pieces  of  broken  concrete  were  removed 
from  the  failure  area,  it  was  found  that  the  tendon  had  not  failed  and 
that  the  bond  between  conduit  and  concrete  was  strong.  The  conventional 
reinforcement  in  this  area  was. bent  due  to  the  failure,  and  some  of  the 
welds  that  held  the  reinforcement  cage  together  were  broken.  The  load- 
deflection  curve  for  beam  3 is  presented  in  Plate  Al. 

Beam  9 


2.  The  supports  for  beam  9 did  not  need  to  be  repaired,  and  the 
beam  was  loaded  at  the  rate  of  2000  lb/min.  Photo  A3  shows  the  crack 
pattern  from  zero  load  to  failure.  Initial  cracking  was  observed  at  a 
load  of  U7,780  lb  and  a midspan  deflection  of  0.126  in.  Loading  was 
continued,  and  in  the  next  20,000  lb  of  load,  six  flexure  cracks  formed. 
At  70,000  lb,  flexure-shear  cracks  began  to  propagate.  At  approximately 
78,000  lb,  the  load  began  to  drop  off  and  at  80,976  lb  ultimately  failed. 
The  midspan  deflection  was  O.L58  in.  The  beam  failed  in  shear  at  the 
seaward  end  as  shown  in  Photo  Ah . The  failure  of  this  beam  was  also 
instantaneous  although  it  was  apparent  that  it  would  fail  in  shear  where 
it  did.  The  conventional  reinforcement  was  bent,  and  some  of  the  welds 
holding  the  cage  together  were  broken  at  failure.  The  tendon  did  not 
fail  by  breaking  since  it  consisted  of  one  7/8-in. -diam  bar,  but  at  the 
seaward  end  where  the  beam  failed,  the  posttensioned  bar  was  bent  enough 
to  constitute  a failure.  It  should  be  noted  that  the  strands  in  the 

A2 


r*  V ---  * 


other  beams  did  not  bend  at  the  point  of  concrete  failure  because  each 
strand  had  a high  slenderness  ratio  compared  to  that  of  the  bar  in  beam 
9 and  was  therefore  much  more  flexible.  The  load-deflection  curve  for 
beam  9 is  presented  in  Plate  A2. 


Beam  13 


3.  Photo  A5  shows  the  crack  propagation  of  beam  13  from  zero  to 
ultimate  load,  as  well  as  some  postfailure  load  and  displacements. 

Photo  A5b  shows  the  crack  propagation  at  15,000  lb.  The  actual  crack 
initiation  in  this  beam  occurred  between  10,000  and  15,000  lb.  The 
midspan  deflection  at  crack  initiation  was  0.110  in.  The  beam  failed  at 
an  ultimate  load  of  6l,713  lb  and  a midspan  deflection  of  0.600  in. 
Loading  was  continued  after  failure  to  see  what  deflections  were  pos- 
sible and  the  amount  of  tendon  rebound.  At  a deflection  of  0.800  in. 
under  a load  of  51,600  lb,  the  beam  made  a loud  popping  noise  that  was 
assumed  to  be  conventional  reinforcement  breaking.  The  beam  was  loaded 
to  produce  total  deflections  of  1.00,  1.50,  2.00,  and  2.30  in.  These 
deflections  occurred  under  loads  of  decreasing  magnitude  of  l2,0l0, 
37,9l2,  37,250,  and  37,250  lb,  respectively.  After  final  removal  of 
load,  the  beam  rebounded  approximately  2 in.  The  beam  failed  in  pure 
flexure  at  the  landward  end  third  point  of  the  beam  (Photo  A6).  When 
the  testing  was  completed,  it  was  determined  that  one  of  the  eight 
strands  had  been  broken  by  the  structural  testing.  The  conduit  of  this 
beam  was  made  of  paper;  therefore,  there  was  no  bond  strength  developed 
between  the  concrete  and  conduit.  The  load-deflection  curve  for  beam  13 
is  presented  in  Plate  A2. 


Beam  15 

l*.  Beam  15  was  loaded  at  the  constant  rate  of  2000  lb/min  after 
it  was  found  that  no  repair  work  to  the  support  points  was  needed.  The 
first  cracks  appeared  at  a load  of  140,000  lb  and  a midspan  deflection  of 
0.083  in.  After  the  initial  cracking,  the  beam  made  popping  sounds  at 
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loads  of  50,000,  55,000,  and  65,000  lb.  Failure  began  to  become  apparent 
at  70,000  lb  when  a crack  widened  and  the  pressure  from  the  loading 
apparatus  dropped.  The  deflection  here  was  0.370  in.  At  73,462  lb, 
the  concrete  began  to  spall  from  the  conventional  reinforcement,  and 
at  74,828  lb,  the  beam  failed  in  shear  at  the  landward  end  (Photos  A7 
and  A8).  At  ultimate  load,  the  tendon  was  in  good  condition,  and  the 
concrete  was  well  bonded  to  the  conduit.  The  final  midspan  deflection 
was  0.590  in.  The  load-deflection  curve  for  beam  15  is  presented 
Plate  A3. 


Beam  19 


5.  Photo  A9  shows  the  sequence  of  crack  propagation  for  beam  19 . 
The  first  crack  was  observed  at  a load  of  45,000  lb  and  a midspan  de- 
flection of  0.077  in.  Loading  continued  at  2000  lb/min,  and  popping 
sounds  were  heard  at  55,000,  65,000,  and  70,000  lb.  At  80,000  lb 
and  a deflection  of  0.275  in.,  shear  cracks  began  to  form.  The  last 
midspan  deflection  reading  that  was  made  was  0.386  in.  at  93,000  lb. 

The  beam  failed  in  shear  at  a load  of  93,954  lb;  no  deflection  reading 
was  made.  The  shear  failure  occurred  at  the  landward  end  of  the  beam 
as  shown  in  Photo  A10.  It  is  especially  important  to  note  that  the 
shear  failure  occurred  directly  between  the  vertical  shear  reinforce- 
ments. As  shown  in  Photo  A10,  the  shear  reinforcement  for  each  beam 
was  placed  on  centers  three- fourths  the  depth  of  the  beam,  or  12-in. 
centers.  When  the  concrete  was  removed,  it  was  found  that  there  was 
good  bond  between  the  concrete  and  the  conduit  and  that  the  strands  did 
not  exhibit  any  failure.  The  load-deflection  curve  for  beam  19  is  pre- 
sented in  Plate  A3. 


Beam  1 

6.  Beam  1 was  not  tested  structurally  so  that  its  posttensioning 
strands  could  be  tested  without  previously  being  subjected  to  the  stress 
caused  by  structural  testing. 
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Beam  6 

7.  After  the  loading  and  supporting  areas  were  marked,  beam  6 was 
found  to  need  repair  to  its  landward  support  area.  An  epoxy  patch  was 
placed  over  the  spalled  area  and  allowed  to  harden  for  2h  hr  prior  to 
testing.  The  loading  rate,  as  in  the  first  investigation,  was  2000  lb/ 
min.  It  was  first  observed  that  cracks  were  developing  at  a load  of 
36,600  lb  and  a midspan  deflection  of  0.092  in.  Observations  were  made 
at  each  5,000-lb  increment,  and  crack  propagation  pictures  (Photo  All) 
were  made  at  50,000,  65,000,  70,000,  and  at  failure  condition  of 
75,000  lb  and  midspan  deflection  of  0.379  in.  This  type  of  failure 
(Photo  A12)  was  described  as  a flexural  shear  failure  with  spalling  of 
the  concrete  at  the  top  and  bottom  supports.  The  conventional  rein- 
forcement was  bent  and  had  welds  broken,  but  the  conduit  inside  was 
unbroken  and  not  bent.  The  bond  between  concrete  and  conduit  was  good. 
The  load-deflection  curve  for  beam  6 is  presented  in  Plate  Ah. 

Beam  11 

8.  The  supports  of  beam  11  did  not  need  repair.  Photo  A13  shows 
the  crack  pattern  from  zero  load  to  failure.  The  beam  first  cracked 

at  a load  of  18,870  lb  and  a midspan  deflection  of  0.110  in.  Loading 
continued  as  shown  in  the  photograph  until  failure  at  87,800  lb  and 
0.563-in.  deflection.  The  mode  of  failure  was  flexural  cracking  with 

« 

the  conventional  reinforcement  cage  causing  spalling  at  the  top  and 

*1 

bottom  edges . 

| 9.  In  the  failure  condition,  as  shown  in  Photo  All,  the  conven- 

tional reinforcement  was  broken  in  spots,  but  the  conduit  inside  the 
beam  did  not  bend.  There  was  instantaneous  failure  when  the  beam  broke, 
but  unlike  the  testing  of  beam  9 in  which  the  bar  actually  bent,  this 

1 bar  did  not.  The  load-deflection  curve  for  beam  11  is  presented  in 

Plate  Ah. 

10.  Plates  A5-A7  show  stress-strain  curves  for  gi  Lee ted  strands 
from  beams  1,  3,  and  13.  Plate  A5  shows  the  characteristics  of  strand 
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2 of  beam  1.  This  strand  was  tested  without  having  been  previously 
stressed  due  to  failure  of  the  beam;  it  was  chosen  to  represent  a strand 
that  exceeded  all  the  requirements  of  ASTM  tests.  Plate  A 6 shows  the 
stress-strain  curve  for  strand  6 of  beam  3.  This  strand  failed  to  reach 
the  minimum  ultimate  stress  requirement.  Plate  A?  shows  the  characteris- 
tics of  strand  A of  beam  13.  It  is  included  as  an  example  of  stress- 
strain  curve  for  strands  that  did  not  pass  ultimate  stress  or  total 
elongation  requirements.  Plate  A8  shows  plots  of  total  chloride  content 
(percent  by  weight  of  concrete)  versus  depth  from  surface  of  the  beam. 

The  chloride  contents  of  the  5-in.  cross  sections  (0.11-0.19  percent) 
were  generally  higher  than  those  of  the  10-in.  sections  (0.05-0.15 
percent ) . 
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d.  55,000-lb  load, 
0.223-in.  deflection 


50,000-lb  load, 
5-in.  deflection 


e.  65,000-lb  load,  f.  TO, 000-lb  load, 

0.320-in.  deflection  0.37b-in.  deflection 


i hoto  Al.  CracK  propagation  of  beam  3 


g.  75, 000-lb  load, 
0.463-in.  deflection 


h.  Failure,  78, 92. -lb  load 
0.600-in.  deflection 
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Photo  A2.  Failure  condition  of  beam  3 
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b.  Firsl  ,7  -11 

0.126~in.  ieflecti  n 


No  load,  0.00-in.  deflection 


h.  Failure,  80, 976-lb  load 
0.^56-in.  deflection 


r.  80, 000-lb  load, 
0. U28-in.  deflection 


Photo  A3.  Crack  propagation  of  beam  9 


Photo  Au . Failure  condition  of  beam  9 


No  loud,  O.OO-in.  deflection 


Post  failure,  51,600-lb  load 
0.800-in.  deflection 


b.  ^5,  000-lb  load, 
0.12.1-in.  deflection 


d.  60, 000-lb  load, 
0.240-in.  deflection 


Photo  A6.  Failure  condition  of  beam  13 


c.  55, 000-lb  load, 
j. 199-in.  deflection 


e . Failure , 6l ,71 3-lb  load, 
,600-in.  deflection 


Photo  A5.  Crack  propagation  of  beam  13 
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g.  Post  failure,  l2,0l+0-lb  load, 
1.000-in.  deflection 


h.  Post  failure,  37,250-lb  load, 
2.000-in.  deflection 


I 


! 


\ 

1 

i 

•1 

i 

3 

i 

i 

i 

i 

» 

! 


I 


a.  No  load,  0.00-in.  deflection  b.  First  crack,  Uo, 000-lb  load, 

0.083-in.  deflection 


c.  50,000-lb  load,  d.  60, 000-lb  load, 

0.12i*-in.  deflection  0.197-in.  deflection 


e.  66,2l+0-lb  load, 
0.255-in.  deflection 


f.  69,36U-lb  load, 
0.29'*-in.  deflection 


Failure,  7^, 828-lb  loau 
0.590-in.  deflection 


Photo  AT.  Crack  propagation  of  beam  15 


Photo  A8.  Failure  condition  of  beam  15 


d.  05, 000-lb  load, 
0.l6l-in.  deflection 


f.  82,000-lb  load, 
0.290-in.  deflection 


e.  75, 000-lb  load, 
0.238-in.  deflection 


g.  55,000-lb  load, 
0.326-in.  deflection 


a.  No  load,  0.00-in.  deflection 


b.  First  crack,  15, 000-lb  load, 
0.077-in.  deflection 
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h.  93,000-lb  load, 
0.386-in.  deflection 


c.  60, 000-lb  load, 
0.138-in.  deflection 


i.  Failure,  93,95^-1^  load, 
deflection  not  known 


Photo  A9-  Crack  propagation 
of  be/un  19 


Photo  A10.  Failure  condition 
of  beam  19 
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LOAD-DEFLECTION  CURVES 
FOR  BEAMS  9 AND  13 


LOAD-DEFLECTION  CURVES 
FOR  BEAMS  15  AND  19 


LOAD-DEFLECTION  CURVES 
FOR  BEAMS  6 AND  I I 
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APPENDIX  B:  GRAPHIC  SUMMARY  OF  BEAMS, 

END  ANCHORAGES,  AND  MODES  OF  FAILURE 
OF  THIS  REPORT 
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